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ABSTRACT
The v a lu e  o f th e " m u lt ip lic ity "  g^ fo r  use in  th e equation  
k = 2TTCvan2 (g .g  ) |e d v  i s  d isc u sse d  and shown to  l i e  in  the range
P  Jtr U  w
1 ^ gu ^ The va lu e  b est su ite d  to  most organic compounds a t  77°K is  
shown to  be = 5 - The number o f  em itt in g  t r i p l e t  components i s  shown 
to  be r e a d ily  d e r iv a b le  for  la r g e  c la s s e s  o f  compounds and to  c o r r e la te  
w ith  experim ent. The e f f e c t s  o f  m agnetic f i e ld  s tren g th  on t r i p l e t  
component e n e r g ie s ,  on phosphorescence l i f e t i m e ,  on phosphorescence  
p o la r iz a t io n , and on g^ are c a lc u la te d  and shown to  produce la rg e  
e f f e c t s  in  th e s p e c i f ic  case o f  naphthalene-d8 .
P o la r ized  lum inescence and lum inescence e x c it a t io n  sp ectra  for  
1102( ^ 3)2  • 6 H20 have been measured in  both g la s sy  so lu t io n s  and in  
th e s in g le  c r y s ta l  a t  77°K. R e su lts  were n ot d e f in i t iv e .  A bsorption  
p o la r iz a t io n  o f  the s in g le  c r y s ta l  a t  7T°K in d ic a te s  th at th ere  are a t  
l e a s t  th ree  d if f e r e n t  e le c tr o n ic  t r a n s it io n s  in  the in te r v a l 20583 - 
27000 cm- 1 ; th ese  t r a n s i t io n s ,  in  order o f  in crea s in g  energy, are  
p o la r ized  p erp en d icu la r , p a r a l le l  and p erp en d icu lar , r e s p e c t iv e ly ,  to  
th e UOg " a x is" . A fo u rth  e le c tr o n ic  t r a n s it io n  a t  27263 cm-1 e x h ib it s  
p a r a l le l  p o la r iz a t io n . The r e s u l t s  tend to  su b s ta n tia te  p a r ts  o f  an MO 
model o f  uranyl e le c tr o n ic  s tr u c tu r e  p r e v io u s ly  proposed by u s1 ; however, 
o th er  p o s s ib le  in te r p r e ta t io n s  a re  not exclu d ed . D ir ec tio n s  fo r  fu tu re  
resea rch  are  in d ic a te d .
The n ature  o f th e s u lfu r - s u lfu r  bond has long been a su b je c t  o f  
co n tro v ersy . T h erefore , i t  i s  d e s ir a b le  to  a l l e v ia t e  some o f  th e  d i s ­
crep a n c ies  which have a r ise n  and to  supply th e  n ecessa ry  in form ation  fo r
a more v a lid  in te r p r e ta t io n  o f the s u lfu r - s u lfu r  bond. To t h is  end, 
the u l t r a v io le t  and N M R sp ectra  were obtained fo r  s e v e r a l sim ple  
d is u l f id e s ,  and sem i-em p ir ica l m olecu lar o r b ita l  c a lc u la t io n s  were 
performed to  a id  in  assignm ent.
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1CHAPTER 1
ON THE MULTIPLICITIES OF PHOSPHORESCENT STATES OF 
ORGANIC MOLECULES
A. In trod u ction
T erenin1 and Lewis and Kasha2 , during the years 19 -^3 “ 1 9 ^ »  
id e n t if ie d  the phosphorescent s t a t e  o f organic m olecu les as th e  lo w est  
energy e le c tr o n ic  s t a t e  o f  sp in  m u lt ip l ic i t y  th r e e . This id e n t i f i c a ­
t io n  may be considered  e s ta b lis h e d .
The well-know n eq u ation 3
= An2^2 ( g ^ /g j j e d v   1
where A i s  a n atu ra l co n sta n t and n i s  the r e f r a c t iv e  index o f the medium, 
r e la t e s  th e  in teg ra ted  m olar d ecad ic e x t in c t io n  o f a T i «- S^ ab sorp tion  
p r o c ess , Jed v , and the in t r in s ic  phosphorescence r a te  co n sta n t a s so c ia te d  
w ith  a Ti -♦ Sq p r o c e ss , k^, and has been w id ely  used in  t r i p l e t  s ta te
s tu d ie s . I t  has been usu al to  a s s o c ia te 3 ’4 >5 a m u lt ip l ic i t y  o f th ree
w ith  the upper t r i p l e t  s t a t e  ( i . e . ,  g^ * 3 ) and a m u lt ip l ic i t y  o f  one
w ith  the .lower s in g le t  s t a t e  ( i . e . ,  g .  = 1 ) and to  in fe r  a v a lu e  g . / g  =
JL Xj u
1 /3  for  u se in .E q . 1 . L a t te r ly , however, Robinson and Frosch have 
in tim ated 6 th a t th e  v a lu e  o f  g^ to  be used in  Eq. 1 should u su a lly  l i e  
in  the range 1-2; D ijk graaf and H o ijtin k 7 c o n s is t e n t ly  s e t  g^ = l ; a n d  
Krishna8 i s  o f the op in ion  th a t th e  v a lu e  g^ = 3  i s  ap p rop ria te  on ly  in  
the case  o f  large  in te r n a l heavy-atom  s p in -o r b ita l  co u p lin g . The 
r a t io n a le  used by th e  above authors6 ’7 »8 app arently  proceeds a s  fo llo w s :  
Not a l l  sp in  components o f  a  t r i p l e t  s t a t e  are p red ic ted  to  be em issiv e  
and o f th o se  which are em issiv e  some one component i s  u su a lly  found 
ex p erim en ta lly  to  be dominant; th er e fo re  th e v a lu e  g = 1 n e a r ly  s a t i s f i e s
2experim ent, whereas 1 £ Su s  5 w i l l  norm ally s a t i s f y  th e o r e t ic a l  con­
c lu s io n s .  The purpose o f t h i s  n ote  i s  to  p o in t out th a t th e h ig h -  
tem perature z e r o - f ie ld  l im it  o f  = 3 o b ta in s  in  a l l  m olecu les w ith  
sm all z e r o - f ie ld  s p in -m u lt ip le t  s p l i t t i n g ,  and th a t th e low -tem perature  
h ig h - f ie ld  l im it  o f  g^ l i e s  in  the range 1 •£, g^ £  « .  The range o f  
v a l id i t y  o f  Eq. 1 , e x c lu s iv e  o f th e  p art g fl/g  , has been d iscu ssed  byXj 11
S tr ic k le r  and Berg9 and w i l l  not be considered  fu rth er  h ere .
The s t a t i s t i c a l  m u lt ip l ic i t y  o f  a t r i p l e t  s ta te  i s  a lw ays, o f  
co u rse , th re e ; we d e s ig n a te  th is  g^ = 5- The number o f  em ittin g  t r i p l e t  
components i s  always th ree or l e s s ;  we d es ig n a te  t h is  0 i  g^ fi 3- The 
degeneracy fa c to r  fo r  use in  Eq. 1 i s  d esign ated  gy and l i e s  in  the  
range 1 £ g^ ^ The q u a n tit ie s  g^, g^ and g^ are not equal excep t  
under ra th er  e s p e c ia l c o n d it io n s .
A fu rth er  purpose o f th is  n ote  i s  to  p o in t out how g^ may be d e te r ­
mined for  la rg e  c la s s e s  o f compounds and to  survey the c o r r e la t io n  of  
th eory and experim ent in  t h is  regard . A th ird  desideratum  i s  th e d e te r ­
m ination  o f  the e f f e c t  o f ap p lied  m agnetic f i e ld s  on t r ip l e t  sp in -  
component e n e r g ie s , in t r in s ic  t r i p l e t  em issiv e  l i f e t im e s  t  , t r i p l e t  
p o la r iz a t io n  r a t io s ,  and g^. The e f f e c t s  o f  ap p lied  m agnetic f i e l d  
stren g th  on t  , and on p o la r iz a t io n  r a t io s  are p red icted  to  be la rg e  
and to  produce observab le e f f e c t s .
B. R esu lts  and D iscu ss io n
GROUP THEORETICAL CONSIDERATIONS 
Only Tf* -* TT phosphorescence w i l l  be d iscu ssed  h ere . C on siderations  
r e fe r  on ly  to  the phosphorescence 0 ,0  band so th a t thereby v ib r a t io n a l  
m ixing may be n e g le c te d . The m olecu les o f  in t e r e s t  belong to  th e
fo llo w in g  p o in t groups: Cg , Cg v , D ^ ,  D ^ ,  Dj^, D ^ ,  Dgh and D ^ . In
a l l  c a se s  excep t the z -a x is  i s  d efin ed  as the normal to  th e  m ole­
cu lar  p lan e; th e  p r in c ip a l a x is  o f  C2v i s  taken to be the z - a x is .  Axes 
d e f in it io n s  fo r  C^  and are g iven  in  F ig . 1.
The TT-molecular o r b ita ls  (TT-MO's ) are n e c e s s a r ily  antisym m etric  
w ith  r e sp e c t  to  r e f le c t io n  in  the m olecu lar plane ( i . e . ,  w ith  r e sp e c t  to  
the symmetry op era tion  Thus in  the Tt-MO's transform  as a^, b ^ ,
b or b . The r ep resen ta tio n s  o f the (if, IT*) o r b ita l  WF ( i . e . ,  o r b ita l  
part o f the s ta te  WF) i s  obtained by the d ir e c t  product o f th ese  four 
r ep re sen ta tio n s; th ese  products are A^, B2u and B3u'
The sp in  WF's o f  th e  t r i p l e t  s t a t e  transform  as the a x ia l  r o ta ­
t io n s 10 >1;L»1 2 ; th ese  are B ^ ,  B ^  and B^g in  the p o in t group. The 
t o t a l  ( i . e . ,  s p in - o r b ita l)  WF transform s as the d ir e c t  product o f  the
space and sp in  p a r ts . I f  the o r b ita l  WF i s  B ^ ,  t *ie r e s u lta n t  fo r  the
to t a l  WF is  B , , A , and B- . The tr a n s it io n  from B , or B- to  th e A 3u u lu  lu  g
ground s ta te  i s  d ip o le  a llo w ed , whereas th a t from A  ^i s  forb id d en . We
can th ere fo re  say th a t i f  the o r b ita l  WF i s  B ^ ,  two o f the sp in  com­
ponents o f the t r i p l e t  s ta te  are d ip o le  e m iss iv e , and one component i s  
d ip o le  forb id den . However, even though two components are a llo w ed , i t  
i s  n o t im plied th a t both tr a n s it io n s  co n tr ib u te  to  th e observed in te n ­
s i t y  o f  phosphorescence. To fu rth er  e lu c id a te  th is  p o in t one must r e so r t  
to  experim ent or com putation; fo r  the moment, we con sid er  a l l  p o s s i b i l i ­
t i e s .  The g" v a lu e  in  th e above in sta n ce  i s  conseq uently  e ith e r  one or 
two. S im ila r ly , i f  th e o r b ita l  WF i s  B^u> the t o t a l  WF's are B ^ ,  B^^
and A . A gain, two o f th ese  are allow ed and the oth er forb id den . From u
the A or B1 o r b ita l  WF's we on ly  g e t t o t a l  WF's o f  even p a r ity ;  a l l  o f  
g g
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th ese  are d ip o le  forb id d en . From th ese  co n s id e ra tio n s  one may draw the 
fo llo w in g  co n c lu sio n : For any m o lecu le s , i f  phosphorescence i s
observed , th e number o f em ittin g  spin-com ponents i s  one or tw o, and 
never th ree .
S im ilar  c o n s id e ra t io n s  are made fo r  m olecu les o f  the o th er  p o in t  
groups; the r e s u l t s  are summarized in  T ables I  and I I .  In Table I  are  
shown r ep resen ta tio n s  fo r  a l l  p o s s ib le  Tf-MO's and a l l  p o s s ib le  o r b ita l  
WF's produced therefrom . In Table I I  the t o t a l  WF's are shown; however, 
only  th e  t o t a l  WF's th at have allow ed d ip o le  t r a n s it io n s  to  th e ground 
s ta te  are o f im portance and con seq u en tly , on ly  c e r ta in  parent o r b ita l  
WF's are tab u lated  in  Table I I .  The p o la r iz a t io n s  o f phosphorescence  
are in d ica ted  in  p a ren th eses. The p o s s ib le  v a lu e s  o f  g^ are shown in  
the l a s t  column o f  Table I I .
TABLE I
MOLECULAR ORBITAL AND ORBITAL CONFIGURATION SYMMETRIES
P oin t A ll  P o ss ib le  O rb ita l S ta te
_ A ll P o ss ib le  MO's o f  Tf-NatureGroup WF's
c s a." A/
C2v V bs V Bi
D2h V blu* b2g ’ b3g V Bl g ’ B2u 5 B3u
% a" a"  2 * 6 a; , k'2 , E'
\ h a lu > , b, , b„ , e * 2u lu* 2u g Alg ’ A2g ’ Bl g ’ B2g ’ Eu
%
a!'V
„n n h 
2 * 1 ’ 2 Al ’ A2 > E2
° 6h alu * a2u ’ bl g ’ b2 g ’ 8l g 5 62u Alg
E2 g
’ A2g 5 Bl u ’ B2u j E1u 5 
’ E2u
°7h
// ' ft it it
2 * e l*  e2 5 e 3 V A2 ’ El 5 E2 j E3
7TABLE II
ORBITAL CONFIGURATION AND SPIN-ORBITAL CONFIGURATION 
SYMMETRIES AND MULTIPLICITIES
Point
Group
O rb ita l WF T ota l WF (a llow ed) No. o f  E m itting  
S u b le v e ls , gu
Cs A' A * (z ), A/ (x ,y ) 1 , 2 or 3
C2v A1 B -J x ), Bg (y) 1 or 2
B1 • Bg ( y ) ,  Ax (z )
D2h B2 u
B3u
B3U(x)’ V z^ 
Bg(y), Bx (x)
1 or 2
D3h r A " (z), E " (y ,z ) 1 , 2 or 3
\ h Eu Eu( x ,y ) ,  Agu(z ) 1 , 2 or 3
% Ei' E { ( x ,y ) , Ag (z ) 1 , 2 or 3
° 6h El u
E2u
E iu ( ^ ,y ) ,  A2u z^  ^
Eiu(x,y)
1 , 2 or 3
E1 Ej(x,y), A' 1 , 2 or 3
8COMPARISON OF g" WITH EXPERIMENT-------------------------- 2u------- ----------------------
1 . Fhenanthrene )
Azumi and McGlynn13 concluded from p o la r iz a t io n  measurements th a t  
the o r b ita l WF o f the t r ip l e t  s ta te  i s  B i . As i s  seen  in  Table I I ,  two 
components, B2 and Aj., o f the t r ip l e t  s t a t e  have allow ed tr a n s it io n  
moments to  the ground sta te-, one o f them being p o lar ized  normal to  the  
m olecular plane and the oth er p a r a lle l  to  the sh ort a x i s . The p o la r iz a ­
t io n  data in d ica te  th a t both tr a n s it io n s  e x i s t  fo r  0 ,0  band, the o u t-o f-  
plane component being dominant. T herefore, g^ = 2 , as p red ic ted .
2 . Naphthalene
The data o f C zek a lla , L ip ta y , and D o lle fe ld 14 seem most com plete. 
P o la r iz a tio n s  o f both o u t-o f-p la n e  (z -a x is )  and in -p lan e long a x is  
( x - a x is )  types are observed in  the 0 ,0  band and th ere fo re  (s e e  Table I I )  
a Bgu assignm ent fo r  the o r b ita l  WF is  made, and g^ = 2 ,  as p red ic ted .
3 . Triphenylene (D-^ ,),
The p o la r iz a tio n  o f phosphorescence was observed by Dorr and Gropper1 5 , 
and was shown to  be p o la r ized  com pletely  o u t-o f-p la n e . Thus g^ = 1 , as 
p red ic ted . However, i t  i s  on ly  f a ir  to  add th a t th e p o la r iz a t io n  data  
given  by th ese  authors i s  fo r  th e  e n t ir e  v ib ro n ic  band, not fo r  th e  0 ,0  
band which has on ly  weak in t e n s i t y .  More thorough experim ent i s  needed 
to  r e a l ly  see  i f  th e above p re d ic tio n  i s  c o r r e c t .
4 . Benzene )
The p o la r iz a tio n  o f  phosphorescence has been analyzed by A lbrecht 
and R u sse ll16>1 7 . The phosphorescence i s  q u ite  complex; the 0 ,0  band i s  
forb id d en , and the phosphorescence i s  allow ed on ly  because o f v ib r a t io n a l  
co u p lin g . One can conceive  o f many rou tes  o f  v ib r a tio n a l cou p lin g;
9however, the in v e s t ig a t io n s  o f  A lb rech t17 and the p o la r iz a t io n  r e s u lt s  o f  
R u sse ll and A lb rech t16 d iscr im in a te  on ly  one im portant route: The o r b ita l
WF i f  which i s  th e product o f  th e  e le c tr o n ic  WF and th e e ^  
v ib r a t io n a l WF. The t o t a l  WF may then be A^u or The A ^  component
i s  r e sp o n sib le  for  o u t-o f-p la n e  p o la r iz a t io n , and the degenerate  
component i s  r e sp o n s ib le  fo r  in -p la n e  p o la r iz a t io n . In t h is  c a se , and 
fo r  th e whole band ex cep tin g  th e 0 ,0  t r a n s it io n ,  g^ = 3 * o u t -o f ­
plane component co n tr ib u tes  o f  t o t a l  in t e n s it y  and th e in -p la n e  
component co n tr ib u te s  26$ .
5 • TT* -  n Phosphorescence
G en era liza tio n  i s  not e a s i l y  made, but in d iv id u a l m olecu les or m ole­
c u le s  o f  some s p e c i f ic  type may be trea ted  r e a d ily . For exam ple, fo r  a 
d ia z in e  o f  symmetry i t  i s  r e a d ily  p red icted  th a t g^ = 1 , 2 or 3 *
For pyrazine when th e id e n t i f ic a t io n 18 ^  = ' ^ u  1S ma<^ e ^or
lo w est t r i p l e t  s ta te  the range o f g" i s  r e s tr ic t e d  to  g = 1  or 2 . Ex-u u
perim ent19 in d ic a te s  th a t = 1 , w ith in  the range o f p r e d ic t io n .
ZEEMAN EFFECTS OH POLYACENES
1 . Energy L ev e ls
The H am iltonian which tak es in to  account Zeeman energy and e le c tr o n  
sp in -sp in  in te r a c t io n s  i s  g iven 20 by
K  = BH • g • S + DS2 +  E(S2 - S2 ) , . . . 2p z ' x  y
where H i s  th e  a p p lied  m agnetic f i e l d ,  S i s  the t o t a l  sp in  angular momentum
w ith  components S^, and , p i s  th e Bohr magneton and g i s  the 2nd
rank te n so r . D and E are zero  f i e l d  sp in -sp in  s p l i t t in g  param eters which
fo r  naphthalene2 1 »22 have v a lu e s  |d | ~  0 .1  cm-1  and |e |  ~  0 .0 1 4  cm- 1 , 
s p in -o r b ita l  cou p lin g  e f f e c t s  on t r i p l e t  s p l i t t i n g  may be assumed n e g l i ­
g ib le  in  arom atic hydrocarbons.
10
We choose the fo llo w in g  s e t  o f  sp in  w avefunctions which are bases  
fo r 'ir r e d u c ib le  rep resen ta tio n s  in  the p o in t group:
ex = ( 1/ 2)^(0102 -  <XzCt2 )
02 = (1/2)^(0X 02 +  <XiP/a)
®3 = ( l / 2 )^ (a i02 +  PiQte) . . . . 3
I t  i s  e a s i ly  shown, by app ly ing  spinor transform ation s2 3 , th a t 0 i ,  02 
and 03  transform  as B3 , B2 and Bx r ep r e se n ta tio n s , r e s p e c t iv e ly ,  in  D2 
p oin t group. I f  th ese  sp in  w avefunctions combine w ith  th e  B^u o r b ita l  
w avefunction o f naphthalene (v id e  supra) th e to t a l  w avefunctions are Bx, 
A and B3 ; the T i — So tr a n s it io n s  are then z -a x is  p o la r iz e d , forb idden , 
and x -a x is  p o la r iz e d , r e s p e c t iv e ly .
At zero ex tern a l m agnetic f i e l d ,  th e  above sp in  fu n ctio n s are  
diagon al; the th ree  components o f  the lo w est t r ip l e t  s t a t e ,  T i, are
Ti = D +  E ; o (T i)  = 02
T2 = 0 ; a(T2 = 03
Ti1 = D - E ; a(T_1) = ©x _k
where Ti and ct(Ti ) r ep re sen t, r e s p e c t iv e ly , energy and e ig en fu n ctio n  o f  
the i t h  component o f  the lo w est energy e x c ite d  t r i p l e t  s t a t e ;  the super­
s c r ip t  i  i s  chosen so th a t a s  — °°
cr(Ti) -aria's
ct(t£) -  (l/2)^(ari02 +  Pia2)
o(T£x ) -  0i 02  5
( i )  When a m agnetic f i e l d  i s  ap p lied  p a r a l le l  to  th e z - a x is ,  the  
en erg ies  and w avefunctions are g iven  by
Ti = D +  (E2 + (g0Hz )2 )£ ; cr(Ti) = p ^  + p ^
t£  = 0 ; ct(t£) = 03
T i1 = D - (E2 + (g0Hz )2 )^ ; crfTl1 ) = ^  6
11
/
where
- m z
Pzl [(E + [E2 + (gBHz) ]^ ')2 + (gpHz)2]^
E + [E2 + (ggHz)2]^________
Pz2 " C(E + [E2 + (ggH )2]^)2 + (gpH )2]^
_________________ - m z  ________________
qz i  " [(E - [E2 + (g@Hz )2 F )2 + (ggHz )2]^
_ E - [E2 + (gPHz )2 ]^________^
qz2 “ [(E - [E2 + (gpHz )2]^ )2 + (gPH2 )2 ]^  ....T
where g i s  assumed to  be is o tr o p ic .
( i i )  S im ila r ly , when th e m agnetic f i e ld  i s  p a r a lle l  to  the x -a x is ,
H  -■“  + C ( ^  + (sSH )*]*
JO = . u m )S + (gSH )*]®
TI1 = D - E
a (T l)  = Px2e2 + ?x5e3
a ( l i )
____ 8
where
Px2 C ( ^  - [(^r)2 + (tfH )®]*)e + (g|SH )«]*
(jD±E .  [ ( g a )S + g ^ g e - p,D+E,
Pk5 [ { D±E .  [ ( d±e)2 +  (g6Hx ) 2] i )2 +  (s Bhx )=3*
________________  ^ Hx __________________
q*2 U ™  + CC2^ ) 2 + (ggHx)2]*)E + (geHx) #
-(rf-  + C (^ )2 + (g8Hx)s]4 
"  [ ( “  +  C(“ ) 2  +  (sBHx ) 2 ] * ) 2  +  (g(SHx )2]*
12
( i i i )  F in a l ly ,  when th e m agnetic f i e l d  i s  p a r a l le l  to  th e  y - a x is ,
T i = D +  E ; cr(Ti) = 02
™  -  U 2 ^6 )2  +  (sBHy )2 ] 4  ; c ( t S )  -  Pyle1 + Py5e3
Ti 1=  ™  +  t t ™ ) 2  +  (g f lH ,)2 ] *  ;  = qy l 6 1 +
where
py l
=
qy5
i S P T
n D-E + [ ( S f ) 2  + + (g0Hy )2 F
- I ™  + [ ( ^ ) 2 + (g6Hy )SF
v P f + [ £ r ) a +  ( s e n ,)2 ]* )2 + (ggHy)2 ]^
ig|SHy
[ < * * - C ( ^ ) 2 +  (e9Hy )^ ]*)2 + (g0Hy )2]^
- £ r  -  Ct2 ^ ) 2 + ( m Y
[ ( ^ - U ~ ) s  + (gflH,)2 ] 4 ) 2 + (g&Hy )2 ]^ . l i
Energy l e v e l s  c a lc u la te d  from th ese  equations are  p lo t te d  in  F ig . 2A, 
B and C fo r  naphthalene-d8 . C a lcu la tio n s  were made u s in g  th e v a lu e s ,
D = + 0 .1012  cm- 1 , E = -0 .0 1 3 ^  cm- 1 , and g = 2 .0 0 3  g iv en  by H utchinson and 
Mangum21 fo r  naphthalene-d8 in  durene. The energy d if fe r e n c e s  between  
any two n e a r es t l e v e l s  are approxim ately g iv en  by [h |(g a u ss )  x  10-4  cm- 1 . 
I t  i s  im n ed ia te ly  c le a r  th a t the in t r in s ic  r e s o lu t io n  o f  th e  e le c tr o n ic  
sp ectra  o f  th e  g rea t m a jo rity  o f  polyatom ic m olecu les i s  in s u f f ic ie n t  to  
make Zeeman e f f e c t s  o f  th e  s i z e  p red ic ted  r e a d ily  o b serv a b le . However, 
th ere  e x i s t  p r ed ic ta b ly  la r g e  e f f e c t s  on phosphorescence l i f e t im e s  and 
p o la r iz a t io n s ,  and i t  i s  to  th e se  th a t a t t e n t io n  i s  now d ir e c te d .
FIGURE 2
SPLITTING OF TRIPLET SPIN-COMPONENTS OF NAPHTHALENE-ds  AS 
FUNCTION OF H (s e e  A ), OF H (s e e  B) AND OF H (s e e  C ).Z \ I t / y  \ /
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2 . L ife tim es
The p op u la tion s and in t r in s ic  ( r a d ia t iv e )  phosphorescence r a te  
co n sta n ts  o f  th e  th ree  t r i p l e t  components are denoted n x , kxJ no> ko> 
and n - i ,  k-x« The decay o f  the Tx p op u lation  i s  g iv en  by
dn_, dn , dnn dn,
3 T  < - V r > -  S T 1 + 3 T  + 3 T  
“ • k- i n- r V o ' t i" i
S in ce the l i f e t im e s  o f t r i p l e t  s t a t e s  are u su a lly  lo n g , we w i l l  assume th a t  
f a s t  th erm a liza tio n  o f  t r i p l e t  p op u la tion s o ccu rs , and th a t r e la t iv e  sub- 
l e v e l  p op u la tion s are governed by sim ple Boltzmann c o n s id e ra t io n s  even a t  
4°K. Then, th e  in t r in s ic  phosphorescence l i f e t im e  i s
1 1 +
"■> S \  ‘  k . ,  +
where ft i s  th e  Boltzmann co n sta n t and t  i s  th e a b so lu te  tem perature.
In the s p e c i f ic  ca se  pf naphthalene-d8 , and a t  zero f i e l d ,  Tx and 
T i1 s ta te s  connect e m is s iv e ly  w ith  the ground s t a t e ,  bein g  p o la r ized  
x -a x is  and z - a x i s , r e s p e c t iv e ly .  S in ce  no y -p o la r iz a t io n  component i s  
observed in  th e 0 ,0  band o f  naphthalene14 we may s e t  k° = 0 , as exp ected , 
where th e su p e r sc r ip t o in  k° in d ic a te s  zero  m agnetic f i e l d .  Robinson24 
su ggested  th a t  th ere i s  no t r i p l e t  quenching a t 7T°K naphthalene-d8 ,
and th a t th e  observed l i f e t im e  o f  18 sec  a t  77°K i s  due e n t ir e ly  to  in ­
t r in s ic  d ecay . (S ee , however, S ie g e l  and J u d e ik is25 fo r  an o p p o site  
o p in io n .)  At J J ° K  and a t  zero  f i e l d  a l l  t r i p l e t  su b le v e l p op u la tion s  
a re  s e n s ib ly  equal; hence
3
kg + k-x  14
The phosphorescence p o la r iz a t io n  data  o f  naphthalene14 in d ic a te  fo r  th e  
0 ,0  band a t  77°K (where n - i  = no) th a t
S o lu tio n  y ie ld s  k 2 i = 2 /1 5  s e c -1  and k§ = 1 /50  s e c - 1 .
We now co n sid er  th e e f f e c t s  o f  m agnetic f i e l d s .  The in t r in s ic  phos­
phorescence l i f e t im e  i s  alw ays exp ressed  by Eq. 13> but th e r a te  co n sta n ts
which appear in  Eq. 13 vary w ith  m agnetic f i e l d  in  th e fo llo w in g  way:
( i j  H p a r a l le l  to  z -a x is
! -  1 °  2
kl  k- l  pz l
k0 = k0 
1 _ , 0 2 - 0 /- 2 \
k- l  k- l  qz l  = -1   ^ ’ pz l }  6
( i i )  H p a r a l le l  to  x -a x is
1 -  i °  2
1 0 px 3
1 1 0 2  1 0 /•, 2  \
0 = k0 ‘  0 ^
k_ l = k? i  • ••
( i i i )  H p a r a l le l  to  y -a x is
k = k°1 K1
0 *  0 *  0 *  0 ,  *
k0 * k- l  py l  py l  +  k0 py 3 py 3 “ k- l  py l  py l  +  k0 ( l  ‘  py l  py l )
O '*  0 *  0 / *  x 0 *
k- l  " k- l  S i  qy l  +  k0 qy3 qy3 " k- l  ^  ” py l  pyl^  +  k0 py l  py l
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L ife tim e s  are c a lc u la te d  by in s e r t in g  E q 's . 16-18 in to  Eq. 1^; th e r e ­
s u l t s  are  p lo t te d  in  F ig . 3^-, B and C.
FIGURE 3
INTRINSIC LIFETIME AND g OF THE LOWEST TRIPLET STATE OF
u
NAPHTHALENE-d8 AS A FUNCTION OF MAGNETIC FIELD STRENGTH
AND TEMPERATURE.
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3- P o la r iz a t io n  R a tio s  o f  Phosphorescence
( i )  H p a r a l le l  to  z -a x is
» ,  n - ik - i  +  n ik i
P noko i_ / -ftt . • .  .19x  Ko e
where k 's  are exp ressed  by Eq. 16 . The c a lc u la te d  p o la r iz a t io n  r a t io s  are
p lo tte d  in  F ig . 4A.
( i i )  H p a r a l le l  to  x -a x is
P
2 _ n - ik - i  _ k -i____________ ____
Px nx^x + noko ^Qg-TS-Ti1/ftt  ~ k ie ~Tx-T£;L/ft t  . . .  . 20
where k 's  are expressed  by Eq. 17- The’ c a lc u la te d  v a lu es  are p lo t te d  in
F ig . 4B.
. . —♦
( i i i )  H p a r a l le l  to  y -a x is
P* I*  +  (1 - l * j )  ^
I t  i s  seen  th a t th e  p o la r iz a t io n  r a t io s  are in v a r ia n t over To a id
quick comparison among th e th ree  c a s e s , the p o la r iz a t io n  r a t io s  are shown
in  F ig . 4C.
4 .  The Value o f  e---------- =1=-------- Oy
C onsider th e  tr a n s it io n s  Tx1 ‘“ S o , T° ♦- S§ and Tx <- S° as th ree  
sep a ra te  p r o c e s s e s . The r a te  co n sta n t o f  any o f  the in v e r se  p r o c e s se s ,  
say  th e  f i r s t ,  i s  g iven  by A n ^ fx js -x d v -x  • At 7T°K fo r  most arom atic  
m olecu les th e th ree  ab sorp tion  reg io n s u su a lly  f a l l  in  an id e n t ic a l
s p e c tr a l reg ion  and d i f f e r  on ly  in  th e ir  p o sse s s io n  o f d i f f e r e n t  ex ­
t in c t io n s  w ith in  th a t  reg io n  ( i . e . ,  g e n e r a lly  61(v ) ^ e_ x (v ) ^ e o ( v ) ) .  
T herefore
Sk^ -  An22\»2Je^d v. = A n ^ ^ e d v
FIGURE k
POLARIZATION RATIO P /P  OF NAPHTHALENE-d8 AS A FUNCTIONz x
OF MAGNETIC FIELD STRENGTH AND TEMPERATURE
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where i  = - 1 ,  0 ,  + 1 . However, th e  observed decay co n sta n t i s  n ot in  
gen era l equal to  £k . b u t, v ia  Eq. 13 > i s  g iven  by
k .  » ! » ! / (E k .E ^ ) . . . . 2 5
1 1 1
and th ere fo re
1/g  = E k .n ./E k .E n . . . . . 2 4
& U  . 1 1 . 1 . 1i  1 1
where g^ = 1 .
Under c o n d it io n s  where the p op u la tio n s o f a l l  t r i p l e t  s u b - le v e ls  are
id e n t ic a l  n ./E n . = 1 /3  and g = 32k ./E k . = 3. We th er e fo re  conclude that' 1 1  u  ^ 1 1
th e v a lu e  o f g to  be used in  Eq. 1 to  r e la t e  th e  observed r a te  co n sta n t  u
kp to  the observed a b s o r p t iv ity  J*edv i s  g^ = 3 when n _i = no = n i .  I f  
the p op u lation  o f  a l l  su b le v e ls  i s  not id e n t ic a l  ( i . e . ,  a t  la r g e  f i e l d  
stren g th  and low tem peratures) one must use the ex p ress io n
i  i  i  . . . .  3
The low -tem perature h ig h - f ie ld  l im it  i s  g iven  by = Ek^/k which can
p o ssess  any v a lu e  between 1 and °° (or 1 ^ g^ £ °°). The h igh-tem perature
lo w -f ie ld  v a lu e  when the z e r o - f ie ld  s p l i t t i n g  i s  sm all i s  g^ = 3 * I t  i s
thus seen  th a t g^ i s  determ ined n ot s o le ly  by the number o f  e m itt in g
s u b - le v e ls  but a l s o ,  and more im p ortan tly , by the fr a c t io n  o f t r i p l e t
m olecu les in  th e se  em ittin g  s u b - le v e ls .  gu may r e a d ily  be determ ined
when tlie  v a r io u s k^ are known, as in  the ca se  o f naphthalene-d8 .
For the s p e c i f i c  ca se  o f  naphthalene-d8 , s in c e  we have a lrea d y
eva lu ated  the l i f e t i m e ,  gu may e a s i ly  be obtained by (See E qs. 13 and 2 5 )
8u = Tp + ^  + k- i )   26
However, i t  i s  im m ediately c le a r  from E qs. 16-18 th a t  fo r  a l l  H v a lu es
k - i  + ko + k i = k ? i +  ko + k° . . .  . 27
Hence
*  T
gu = Tp k^"1 +  ^  + k° l )  = g2  28
and th is  equation  ho ld s g e n e ra lly  independent o f H. This i s  e a s i ly  under­
stood  from th e  fa c t  th a t the q u a n tity
Jedv = S j e j d v . . . . . 2 9
i
i s  in v a r ia n t w ith  m agnetic f i e ld  ( t h is  sta tem en t, o f  cou rse , i s  id e n t ic a l
to  Eq. 27) • In order to  compensate the change o f t , g must be expressed
P ^
v ia  Eq. 2 8 . F ig . 3A, B and C th ere fo re  express gu v a lu es  a l s o ,  as the
ord in ates a t  th e  r ig h t in d ic a te * -
5• L im iting Values a t  I n f in i t e  Magnetic F ie ld
I t  is  o f in te r e s t  to  summarize the l im it in g  v a lu es  o f  l i f e t im e s ,
—*
p o la r iz a tio n  r a t io s ,  and g^ v a lu es  as H -* 00. These are shown in  Table I I I .
AMPLIFICATION ON PREVIOUS CONCLUSIONS
( i )  C onclusions g iven  are v a l id  fo r  the 0 ,0  t r a n s it io n s  o f Ti «- S o , 
and a ls o  fo r  th e  whole v ib r a t io n a l-e le c tr o n ic  band when on ly  t o t a l ly  
symmetric v ib r a tio n s  are coupled to  the e le c tr o n ic  t r a n s it io n s ;  in  the  
former case Je^dvi  and p o la r iz a t io n  P r e fe r  to  th e 0 ,0  band, whereas
in  the la t t e r  in sta n ce  they r e fe r  to  the whole band.
When n o n -to ta l ly  symmetric v ib r a t io n s  are coupled to  e ith e r  absorp­
t io n  or em ission  and 2nd order sp in -v ib r o n ic  cou p lin g  i s  im portant, the 
ev a lu a tio n  o f  th e from experim ental p o la r iz a t io n  data becomes d i f f i ­
c u l t ,  i f  not im p ossib le; n o n e th e le s s , th e  use o f g^ = 3 Is j u s t i f ia b le  
a t 77°K.
E xtension  to  the ca se  o f  co n sid era b le  hot-band in t e n s it y  i s  r e a d ily  
made, but i s  n o t very  u s e fu l .
21
TABLE I I I
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F ie ld T , sec  
P
Pz
PX 8u
H “♦ 00 z 15
00 2-5
H -* 00 60 0 10X
H -• 00 12 4 2
y
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' ( i i )  The h ig h - f ie ld  Zeeman s p l i t t in g  changes th e magnitude o f  sp in -  
o r b ita l  coup ling  between sub-components o f  the t r ip l e t  and th e  s in g le t  
s ta te s  o f  th e same t o t a l  symmetry in  the o r ig in a l m olecular p o in t group. 
This i s  a second order e f f e c t  which i s  sm all in  th e  range o f  v a lu es  o f  
H u sed .
( i i i )  N aphthalene-d8 was taken as a c a lc u la t io n a l example because  
i t  has been supposed th a t no quenching o f Ti occurs a t  7T°K and because  
we can adduce the in t r in s ic  r a te  co n sta n ts  fo r  th e su b le v e ls  a t  zero  
f i e l d .  F ig . ® and C assumes th a t quenching remains zero when the  
m agnetic f i e ld  i s  a p p lied .
( iv )  The Zeeman experim ents suggested  are b e s t  ca rr ied  out on a 
mixed s in g le  c r y s ta l  (naphthalene-dg as guest in  durene, b ip h en y l, e t c . )  
o f known p e r fe c tio n  and s tr u c tu r e . The e f f e c t s  p red ic ted , a t  l e a s t  in  
naphthalene-da , are not s u f f i c i e n t ly  la rg e  to  make p o la r ized  e x c ita t io n  
s tu d ie s  o f  g la s sy  so lu t io n s  a t  77°K d e f in i t iv e .
(v ) The decay i s  p red icted  to  remain exp on en tia l as long as thermal 
r e e q u ilib r a t io n  i s  f a s t  compared to th e decay p ro cesses o f  the t r ip l e t  
s u b - le v e ls .
( v i )  The p h y sica l reasons fo r  th e  la rge  v a r ia t io n  o f g^ are r e a d ily  
seen: For exam ple, i f  em ission  fo r  T i1 i s  forbidden and i f  a l l  Ti mole­
c u le s  are in  Ti1 (th e  low -tem perature h ig h - f ie ld  l i m i t ) ,  k^ i s  zero;  
however, ab sorp tion  Ti *- SQ i s  not zero s in c e  i t  con ta in s th e allow ed  
components Tx «“ So and Ti *- Sq • The on ly  way in  which we may r e la t e  a 
f i n i t e  q u a n tity  to  a n u ll  q u a n tity  i f  we w ish to  r e ta in  Eq. 1 i s  to  s e t  
gu = However, i t  should be noted th a t th is  l im it in g  va lu e  may only
be obtained under ra th er  frea k ish  c o n d it io n s . I t  i s  required  th a t the
th ree  components o f  th e t r i p l e t  are n o t reso lv ed  in  ab so rp tio n  but are  
reso lv ed  in  e m iss io n . In p r a c t ic e  th is  i s  very u n lik e ly .
( v i i i )  The proper form o f  Eq. 1 i s
k = An£v2 (S k .n ./S k .2 n .' p i  1 . i .  ii i i
where A = ( l /3 » ^ 7 )  x  10“8 .
( v i i i )  No c o n s id e ra tio n  has been g iven  to  m agnetic f i e ld  e f f e c t s  
on th e space w avefunctions and o r b ita l  energy l e v e l s .  This w i l l  be con­
sid ered  in  a la te r  p u b lic a t io n .
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CHAPTER I I
POLARIZATION OF THE ABSORPTION OF U02 (N03 )2 * 6H20 SINGLE CRYSTAL
A. In trod u ction
There has been much d is c u s s io n  o f  th e  e le c tr o n ic  s tr u c tu r e  and 
sp ectroscop y  o f th e uranyl io n ; however, l i t t l e  understanding seems 
to  have r e s u lt e d . Some years ago we p resen ted 2 6 *27 a m olecu lar o r b ita l  
model which r a t io n a liz e d  in  a q u a lita t iv e  way a v a r ie t y  o f p h y sica l  
data concerning uranyl and o th er  a c t in y l  io n s . S in ce  then a number 
o f  experim ental in v e s t ig a t io n s  su b s ta n tia t in g  v a r io u s  p a rts  o f  th is  
model have appeared2 8 -3 3 . N o n e th e le ss , th e model s t i l l  la ck s any 
d e f in i t iv e  proof or v a l id a t io n . Two r ec e n t rev iew s , both c r i t i c a l ,  
are a ls o  a v a ila b le 3 4 *3 5 .
I t  i s  our op in ion  th a t th e  problems b e s e t t in g  understanding o f  
uranyl sp ectroscop y  are more apparent than r e a l .  We b e lie v e  th a t  
sp ectrograp h ic  in v e s t ig a t io n s  a t  s u f f i c i e n t ly  low tem peratures ( i . e . ,  
T=^.2°K ), a t  s u f f i c i e n t ly  h igh  instrum ent r e s o lu t io n  and w ith  d iv e r s i ­
f ie d  techniques ( i . e . ,  p o la r iz e d  l i g h t ,  m agnetic f i e l d s ,  e t c . )  
performed on s in g le  c r y s ta ls  o f  known str u c tu r e  w i l l  p rovide a l l  the 
data  req u ired  fo r  u n d erstan d in g . No such data seems to  be e v o lv in g .
The work to  be d iscu ssed  here i s  l im ite d  by a v a ila b le  cyrogen ic  
tem peratures (77°K) and instrum ent r e s o lu t io n  (~  1A ); n e v e r th e le s s ,  
some new inform ation  i s  g en era ted . These new data accord w ith  the  
previou s MO r a t io n a l iz a t io n ,  but they do n ot s u b s ta n tia te  any e x c lu ­
s i v i t y  o f  t h is  m odel.
B. Experim ental
1 . Chemicals
The U02 (N03 )2 * 6H20 (J . T. Baker Chemical Company a n a ly t ic a l  
grade) was p u r if ie d  by r e c r y s t a l l iz a t io n  from aqueous s o lu t io n . PB, 
a 6 .5*1 volume r a t io  o f isopentane to  n-butanol (Hartman-Leddon Com­
pany f lu o r im etr ic  grade) and EPA, (Hartman-Leddon Company flu o r im etr ie  
g ra d e), a 5 :5 ;2 volume r a t io  o f e th y l e th e r , isop en tan e, and e th y l  
a lc o h o l, were used as g la s sy  so lv e n t m atrices a t  7T°K.
2 . P o la r iz a tio n  Measurements
The method o f p h o to se le c t io n 36 was used to  determ ine the lum ines-
\
cence e x c ita t io n  p o la r iz a tio n  o f U02 (N03 )2 * 6H20 in  PB g la s s . Each 
o f the f iv e  (5 ) em ission  bands was monitored on an Aminco-Kiers 
Spectrophosphorim eter. Although th e PB m atrix  provided a s tr a in  free  
system , no c o n s is te n t  p o la r iz a t io n  data could be ob ta in ed . In order 
to  check the p o s s ib i l i t y  o f r o ta t io n a l d e p o la r iz a tio n , the method of 
p h o to se le c tio n  was repeated using the "harder” g la s s  EPA. T his m atrix  
provided no fu rth er  improvement r e la t iv e  to  PB. I t  was concluded th at  
t h is  methodology fa i le d  because a l l  em ission  bands, inclu d in g  th e one 
o f h ig h es t energy, contained mixed p o la r iz a t io n  components which were 
not reso lv a b le  in  randomized g la s sy  s o lu t io n s .
The c r y s ta l  s tru c tu re  o f U02 (N03 )2 ' 6h2 0 has been determined by 
Lynton and Flem ing3^ . The c r y s ta l  h a b it i s  rhombic, and the space  
group is  Cmc2i. There are  four uranyl ion s per u n it  c e l l ,  and they  
occur in  p a r a l le l  p a ir s . The p r o je c tio n s  o f  th ese  io n s on th e  u n it  
c e l l  axes are g iven  in  F ig . 5* The ligan d  p o s it io n s  are s ix  in  number 
and are occupied by two n it r a te  groups (fou r  p o s it io n s ) ,  and two water
FIGURE 5
PROJECTION OF URANYL ON X, Y PLANE (se e  A ), ON. X, 
Z PLANE (see  B ), ON Y, Z PLANE (se e  C ).
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groups. The ab sorp tion  p o la r iz a t io n  measurements were made a lon g  the  
y and z a x is  o f  the c r y s t a l ,  w ith  the E and B p o la r ized  d ir e c t io n s  
corresponding to  the y- and z -a x e s , r e s p e c t iv e ly .  The o r ien ted  gas 
model was used to  r e fe r  the measured p o la r iz a t io n s  to  d ir e c t io n s  p a r a l le l  
and p erpendicu lar to  the uranyl io n .
The p o la r iz a t io n  measurements on a s in g le  c r y s ta l  were made w ith  
a C a x y - l k  spectrophotom eter. The s in g le  c r y s ta l  was c a r e fu l ly  sea le d  
in  quartz tubing to  avoid  dehydration  and/or condensation  during tem­
p erature changes. A ll p o la r iz a t io n  measurements were corrected  fo r  
instrum ent induced p o la r iz a t io n s .
C. R esu lts  and D iscu ss io n
The e x c it a t io n  an d f lu o re sce n c e  sp ectra  o f  U02 (N0s )2 * 6h20 in  
PB a t  77°K are shown in  F ig . 6 . F ig s . 7 and 8 d isp la y  the r e s u lt s  o f  
s in g le  c r y s ta l  e x c it a t io n  and em ission  sp ectra  and p o la r ized  e x c it a t io n  
sp e c tr a , r e s p e c t iv e ly ,  measured on th e Aminco-Kiers Spectrophosphori- 
m eter. When th ese  e x c it a t io n  sp ectra  are compared w ith  the ab sorption  
spectrum , F ig . 9 j i t  becomes c le a r  th a t the f i r s t  few bands are g r e a t ly  
enhanced in  th e e x c it a t io n  spectrum compared to  the ab sorp tion  spectrum . 
This lea d s one to  a number o f  co n c lu sio n s:
( i )  The f i r s t  few bands observed in  the e x c it a t io n  spectrum  
belong to  th e same e le c tr o n ic  s t a t e  whence em ission  occu rs;
( i i )  There i s ,  m in im ally , one other e le c tr o n ic  t r a n s it io n  involved  
in  a b so rp tio n ;
( i i i )  N on -ra d ia tiv e  d egrad ation  o f  energy to  th e ground s t a t e  
occurs w ith  h igh er  e f f ic ie n c y  from th ese  h igh er  energy s ta te s  than  
from th e  e m itt in g  s t a t e .
FIGURE 6
EXCITATION ( \  . . = 505 my.) AND FLUORESCENCEem ission  ^
( \  . . .  . = 275 np) FLUORESCENCE SPECTRA OF
cxc lC ation
U02 (N03 )2 • 6H20 IN PB AT 77°K.
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FIGURE T
SINGLE CRYSTAL EXCITATION (X . . = 505 mu) ANDN em ission   ^ ^
EMISSION (Xe x c i t a t i o n  = 310 my,) SPECTRA OF U02 (N03 )2 * 6H20
AT ROOM TEMPERATURE.
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FIGURE 8
POLARIZED SINGLE CRYSTAL EXCITATION ( \  . . = 535 mu.)v em ission  w
SPECTRA OF U02 (N03 )2 * 6H20 AT ROOM TEMPERATURE WITH 
LIGHT INCIDENT NORMAL TO THE 010 FACE.
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FIGURE 9
absorption spectra of uo2 (no3 )2 • 6h2o at 77°k .
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The f i r s t  o f  th ese  co n c lu s io n s  i s  su b sta n tia te d  by m irror-symm etry con­
s id e r a t io n s  o f ab sorp tion  and em ission  sp e c tra 1 ; by d if fe r e n c e s  o f  
Zeeman e f f e c t s  in  th e a b so rp tion  spectrum1 3 ; and by p r e v io u s ly  reported  
p o la r iz a t io n  data on the t r in i t r o  complex1 4 .
A bsorption data are d isp la y ed  in  both p o la r iz a t io n  d ir e c t io n s  in  
F ig s . 10 and 11. A v ib r a t io n a l a n a ly s is  i s  g iven  in  Table IV. The most 
prominent p ro g ressio n s in v o lv e  the t o t a l ly  symmetric v ib r a t io n  Vx-
S in ce  th e band maxima o f  s e v e r a l bands are p oorly  r e so lv e d , th e ir  
exact lo c a t io n s  cannot be s p e c i f ie d .  For exam ple, th e band which should  
r e s u lt  from th e su p erp o s itio n  o f  f iv e  quanta o f  th e t o t a l ly  symmetric 
s tr e tc h in g  v ib r a t io n  on the second e le c tr o n ic  t r a n s it io n  i s  probably  
l o s t  under the (0 ,0 )  band o f  th e  th ird  e le c tr o n ic  t r a n s it io n .  The 
d ir e c t io n  l i s t e d  under "apparent p o la r iz a t io n  d ir e c t io n "  in  Table IV, 
corresponds to  the p o la r iz a t io n  d ir e c t io n  in  which th e band appears 
most prom inent. The p o la r iz a t io n  d ir e c t io n s  and degree o f  p o la r iz a ­
t io n  o f  each band are g iven  in  Table V.
These r e s u lt s  coupled w ith  the v ib r a t io n a l a n a ly s is ,  lead  to  the  
co n c lu sio n  th a t th ere  are th ree  d if f e r e n t  e le c tr o n ic  tr a n s it io n s  cor­
responding to  reg io n s 1 , 2 and 3 on Table VI. I t  i s  n o ticed  th a t th is  
d iv is io n  bears some s im ila r i t y  to  th e breakdown g iv en  by D ieke and 
Duncan3 8 , and by us2 6 . I t  i s  a ls o  obvious th a t the f i r s t  r eg io n  y ie ld s  
the most unambiguous p o la r iz a t io n  r e s u lt s  because th ere  i s  l i t t l e  ~  
overlap  between i t  and e ith e r  reg io n s 2 or 3* Th® r e s u lt s  c le a r ly  
in d ic a te  th a t reg io n s  1 , 2  and 3 are p o la r ized  p erp en d icu lar , p a r a l le l ,
- |-  J
and p erp en d icu lar , r e s p e c t iv e ly ,  to  th e  UO^  m olecu lar a x is .  The sm all 
p o la r iz a t io n s  e x h ib ite d  in  reg io n s  2 and 3 are o u ts id e  experim ental
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TABLE IV
VIBRATIONAL ANALYSIS OF UOg (NQ3 ) 2 ' 6H20 ABSORPTION
Band
Apparent
P o la r iz a t io n
D ir e c t io n
E le c tr o n ic
L evel
aV ib ra tio n a l Quanta 
(cm- 1 )
1 (0 ,0 ) E 1 0 ------
2 E Vi = 1 x 719
3 B 1 V3 = 1 x  905
k E 1 Vi +  Vg = 1005
5 (0 ,0 ) B 0 ------
6 E 1 2 v i = 2 x 792
7 E 2v3 = 2 x 891
8 E 1 3vx = 3 x 799
9 B 2 v i = 2 x 688
10 E 1 4v i  = It x 788
11 E 1 5vx = 5 x 781t
12 B 2 3\>i = 3 x  702
13 E ? ? ?
lit B 2 4v i  = 4 X 699
15 E 1 6 v i = 6 x 795
16( 0 , 0 ) E 3 0 ------
IT B 2 6 v i = 6 x 666
18 E 3 l v i  = 1 x  709
19 B 2 7 v i = 7 x 665
20 B 3 2 v i = 2 x  76!*-
2 1 (0 ,0 ) E k 0 ------
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TABLE IV ( c o n t . )
22 B k  Vi = I x  764
a . The in c o n s is te n c ie s  observed in  assignm ents o f  bands If-, 7 , 1 3 , 20 
and 21 a r e , we b e l ie v e ,  due to  band overlapping to  r e s u lt in g  m is-  
assignm ent o f  band maxima and to  consequent m islea d in g  apparent 
p o la r iz a t io n  d ir e c t io n s .  There i s  some s l ig h t  su b jec tiv ism  in volved  
in  the a n a ly s is  g iv e n .
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TABLE V
DEGREE OF POLARIZATION IN U02 (NQ3 )2 • 6HgO ABSORPTION
Band IaHI P
1 .034 ■OJe -■37e
2 •15a •25e -.2 5 4
3 .154 ■ 24g - .2 3 i
- i4 s •27e - . 30!
5 .281 •55i --3 2 s
6 •32s •6o6 -•2 9 s
T • 31s .583 -•294
8 l - 3 5 s l-5 3 x - .0 5 9
9 1 .6 7 9 1.683 " -003
10 1 -622 1-694 - .022
11 1 .75a 1-709 + .OI3
12 I .7 6 9 l - 7 lo + • Oly
13 I.6O1 l - 6 9 i “ .02y
14 I.6O 9 1-699 “ .02y
15 1 .5 8 i 1.660 - .0 2 4
16 i . 64s I.7O0 - .O ly
IT • 696 •739 - -03i
18 -73s •  »82i - .0 5 4
19 •  422 .434 -  .OI5
20 -.5 9 7 •565 + .02y
21 • 60o •582 + .OI5
a . Error in  1  ^ and 1  ^ i s  ± .005  u n it s .
TABLE VI
COMPARISON OF VARIOUS (0 ,0 )  ASSIGNMENTS FOR UOg (NQ3 )g « 6H20
0 ,0
T ran sition s
Dieke
and
Duncan
McGlynn^
and
Smith
This
Work
Region I 20,583 22,050 20,583
Region I I 2 1 .U80 2^,125 2 2 ,054
Region I I I 23,219 27,000 25,510
Region IV 27,196 33,000 27,263
a . R e f. 13-
b. R epresents band maxima.
FIGURE 10
POLARIZED ABSORPTION SPECTRA OF U02 (N03 )2 * 6H20 
(reg io n s 1 and 3) AT 7J °K  WITH LIGHT INCIDENT 
NORMAL TO THE 010 FACE.
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FIGURE 11
POLARIZED ABSORPTION SPECTRA OF U02 (N03 )2 • 6H20 
(reg io n  2) AT 7 J°K  WITH LIGHT INCIDENT 
NORMAL TO THE 010 FACE-
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erro r ; they are sm all on ly  because o f  in s u f f ic ie n t  r e s o lu t io n  and the 
co n sid era b le  s p e c tr a l m ixing o f  th ese  two reg io n s  w ith  each o th er  and 
w ith  th e  h igh er  energy p art o f  reg io n  I .
I t  should be noted th a t the U0£ ion  i s  bent s l i g h t l y  in  th e  
c r y s t a l ,  ca . 173° (se e  F ig . 5 ) ,  and one m ight w ish to c l a s s i f y  th e  
symmetry as However, th e proxim ity o f  th is  ion  to  i s  s u f ­
f i c i e n t l y  c lo s e  th a t we s h a l l  l im it  our symmetry arguments e s s e n t ia l ly  
to  th e p o in t group.
In the p o in t group, the x  and y a x is  are degenerate and cor­
respond to  th e symmetry sp e c ie s  TTu. In th e  same p o in t group, th e  
z -a x is  belongs to  the symmetry sp e c ie s  Eu. Thus, th e e le c tr o n ic  tran ­
s i t i o n  in  reg io n s  1 , 2  and 3 p o ssess  d ip o le  a llow ed ness corresponding  
to  r ep re sen ta tio n s  TTu, Eu and Ttu, r e s p e c t iv e ly .  I f  reg io n s 1 , 2  and 3 
are th e s p l i t  components o f  a t r ip l e t  s t a t e 2 6 , th e ir  s p a t ia l  wave- 
fu n c tio n s  must corresp on d in gly  transform  as Eu, Eu, Au, or TTu fo r  
reg io n s 1 and 3> aod Tfu or Eu fo r  reg io n  2 . The allow ed s p a t ia l  part 
of th e presumed t r ip l e t  must then be TTu.
I t  i s  app rop riate  a t  t h is  tim e to  p o in t out th a t  to  w avelengths  
sh o r ter  than r eg io n  3 > a fou rth  reg io n  i s  d is t in g u is h a b le  which i s  
predom inantly p o la r ized  p a r a l le l  to  th e uranyl a x i s .  Thus, th e  tra n ­
s i t i o n  corresponding to  t h i s  reg io n  i s  p o la r ized  in  th e proper d ir e c t io n  
to  perturb reg io n  2 and n o t reg io n s 1 and 3 as o r ig in a l ly  d esign ated  
by u s .
D. Summary
I t  has been shown th a t th e  p o la r iz a t io n  data presen ted  may be 
c o n s is t e n t ly  in terp re ted  in  terms o f a t r i p l e t  model put fo r th  by us2 6 .
>
However, th ese  r e s u lt s  are on ly  prelim in ary to  r e s u lt s  which must be 
obtained a t  low er tem peratures and h igh er  r e s o lu t io n . The need fo r  
lower tem peratures i s  d ic ta te d  by th e  stron g  temperature dependence o f  
r e s o lu t io n  in  uranyl sp e c tr a . This fa c to r  a lon e  can account fo r  any 
in c o n s is te n c ie s  in  the p resen t v ib r a t io n a l a n a ly s is  and fo r  the low  
degrees o f  p o la r iz a tio n  o f  reg ion s 2 and 5 * The r e s u lt s  presented  do 
not r u le  out o th er  p o s s ib le  in te r p r e ta tio n s  and cau tion  should be 
e x erc ised  in  extending th e se  r e s u l t s .  R ecen tly , sev era l papers2 9 j30 
have been published  which seem to  in d ic a te  th a t our model fo r  the  
e le c tr o n ic  l e v e l s  o f  the uranyl ion i s  much more con crete  than we had 
o r ig in a l ly  intended i t  to  b e . The d i f f i c u l t i e s ,  both experim ental and 
th e o r e t ic a l ,  in  providing an adequate so lu t io n  to  the uranyl problem  
should not be overlooked . We b e lie v e  th a t th is  p resen t e f f o r t  o f  ours 
in d ic a te s  the d ir e c t io n  which experim ent must take i f  i t  i s  to  e ith e r  
d ir e c t  or su b sta n tia te  th eo ry .
CHAPTER I I I
THE ELECTRONIC STRUCTURE OF THE SULFUR-SULFUR BOND
A. In tro d u ctio n
Previous treatm ents o f  the s u lfu r - s u lfu r  bond40 have been lim ite d  
to  th e  in te r p r e ta t io n  o f  th e long w avelength t r a n s it io n  (c a . 2500I )  
which occurs in  most d i s u l f id e s .  This f i r s t  t r a n s it io n  has been assig n ed  
to  e ith e r  a IT* -* 0*40 or IT* "♦ ff41 type depending on th e  m olecu lar  
o r b ita l  approach taken .
In t h is  work, the sp ectra  o f  se v e r a l d i s u l f id e s  have been obtained  
down to  1825& .- The reg io n  below 2100jl c le a r ly  shows two bands in  ad d i­
t io n  to  th e  long w avelength band (25OO&). The in te r p r e ta t io n  o f  the  
long w avelength t r a n s it io n  should take th ese  neighb oring bands in to  
acco u n t.
The assignm ent o f  th e t r a n s it io n s ,  corresponding to  th e f i r s t  th ree  
bands has been co n sid ered . The h ig h e s t  f i l l e d  m olecu lar o r b ita l  i s  con­
sid ered  to  be o f  a non-bonding ty p e . NMR data i s  c o rr e la te d  w ith  
e le c tr o n ic  charge s h i f t s  in  the ground s t a t e ,  and UV sp ectra  are used  
to  y ie ld  in form ation  about ground and e x c ite d  l e v e l s .
Sem i-em p irica l s e lf - c o n s is t e n t -c h a r g e  m olecu lar o r b ita l c a lc u la ­
t io n s  were performed to  a id  in  ground and e x c ite d  s t a t e  a ssign m en ts. 
B r ie f ly ,  th e method used in  the com putations was as fo llo w s:
( i )  The coulomb terms were approximated by v a len ce  s ta te
io n iz a t io n  p o t e n t ia l s .
( i i )  The o ff -d ia g o n a l terms were approximated by H ^  =
•5 [ ( 2  - I s a . . I )  S a ..A  +  (2 - | s  I ) S '  B ] (H .. +  H . . )  where'  ' 1 i i 1 i i  er ' 1 t t . . 1 '  tt. . tt  v 11 j rJ J i j  i j  JJ
A — angular c o r r e c tio n  fo r  sigma o v er la p .
B ■■= angular c o r r e c tio n  fo r  p i  o v er la p .
k2
( i i i )  The sec u la r  equation
|H. . -  ES. . |  = 0
was so lved  fo r  th e e ig e n v a lu e s , e ig e n v e c to r s , and o r b ita l  populations  
o f the r e sp e c tiv e  m o le c u le s .
Further d e t a i l s  o f  the method used in  th ese  c a lc u la t io n s  may be found 
in  a paper by C a r ro ll, Armstrong and McGlynn4 2 .
The n e g le c t  o f  the Jd  o r b ita ls  in  co n sid era tio n s o f  the ground s ta te  
i s  j u s t i f ia b le  in  view  o f the paper by B endazzoli and Z au li4 3 . They 
reach th e con c lu sio n  th a t:
"Thus, d -o r b ita l  co n tra c tio n  by ligan d s must occur 
to  make them e f f e c t iv e  in  bonding. Moreover d- 
o r b ita l  p a r t ic ip a t io n  in  b iv a le n t  su lfu r  compounds 
i s  l ik e ly  to  be n e g l ig ib le ."
The c a lc u la t io n s  lea d in g  to  the above con c lu sio n  are the most so p h is­
t ic a te d  presented in  the l i t e r a tu r e  to  d a te . In any e v en t, th ere  have 
been no arguments to  convince one o th erw ise .
In a recen t a r t i c l e  on H20 and H2 S4 2 , C a r r o ll, Armstrong, and 
McGlynn a r r iv e  a t  th e  con c lu sio n  th a t the ks o r b ita l i s  im portant in  
the ground and e x c ite d  l e v e l .  They a ls o  noted th a t the exp erim en ta lly  
observed o s c i l la t o r  stren g th  for  th e  f i r s t  tr a n s it io n  in  H2S n e c e s s i­
ta ted  an in crea se  o f the o r b ita l  exponant fo r  th e ks o r b ita l  from th at  
derived  from S la t e r 's  r u le s .  In th e se  c a lc u la t io n s  i t  was thought b est  
to  be c o n s is te n t  and use S la t e r 's  r u le s  fo r  a l l  exponents.
B. Experim ental
H2S2 was prepared by th e  method o f Feher, and i t s  spectrum ,
F ig . 12 , was run in  a cyclohexane (Hartman-Leddon Company f lu o r im etr ic  
grade) so lv e n t im m ediately a f t e r  d i s t i l l a t i o n .  Methyl d is u l f id e
FIGURE 12
ABSORPTION SPECTRA OF H2S2 IN CYCLOHEXANE 
AT ROOM TEMPERATURE.
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(Eastman Organic Chem icals Eastman g r a d e ), e th y l d i s u l f id e  (Eastman 
Organic Chemicals Eastman g ra d e), iso p ro p y l d is u l f id e  (A ld rich  Chemical 
Company research  g r a d e ) , and t e r t ia r y  b u ty l d is u l f id e  (Eastman Organic 
Chem icals p r a c t ic a l  grade) were used as r e c e iv e d  from th e  commercial 
s o u r c e .
A ll  o f  th e TJV sp e c tra  are vapor ab sorp tion s obtained  on the Cary 15 
in  10 cm. Sargent fa r  UV quartz c e l l s , . w ith  the ex cep tio n  o f  RgSg  
which was run on ly  in  s o lu t io n  u sin g  a 1 cm. Sargent fa r  UV quartz 
c e l l .  A ll NMR sp e c tra  were run on the Varian A sso c ia te s  HA-60 sp e c tr o ­
m eter , and the chem ical s h i f t s  rep orted  are measured on n ea t s o lu t io n s  
w ith  te tram eth y l s i la n e  as th e in te r n a l r e fer en ce  stand ard .
C. R esu lts
The UV sp ectra  o f  th e d is u l f id e s  appear in  F ig s . 12 through 16 .
There are th ree  c h a r a c t e r is t ic  bands in  a l l  o f  the d i s u l f id e  sp e c tra , 
w ith  th e s in g le  e x cep tio n  o f  H2S2 which shows a fu rth er  d iv i s io n  o f  
i t s  lon g  w avelength  band in to  two sub-bands. I t  a ls o  has fewer v ib r a ­
t io n a l  d egrees o f  freedom and th e r e s u lt in g  s im p li f ic a t io n  o f  v ib r o n ic  
s tr u c tu r e  m ight a llo w  r e s o lu t io n  o f  two e le c tr o n ic  t r a n s it io n s  in  H£S2 » 
These same two e le c tr o n ic  t r a n s it io n s  m ight be p resen t in  th e  oth er  
compounds and com prise the 2500JI band, but in  th ese  in s ta n c e s  they  
m ight be u n reso lved  because o f  th e  in crea sed  r o -v ib r o n ic  com p lex ity .
The spectrum  o f  H2S2 may w e ll be contam inated w ith  s u lfu r  im p u r itie s  
b ecause o f  i t s  e a se  o f  d ecom p osition , b u t th e  sp e c tr a l d is t r ib u t io n  o f  
t h i s  lon g  w avelength band does seem to  agree  w ith  th a t rep orted  by 
Feher4 4 . The 2500A bands o f th e  a lk y l d i s u l f id e s  have been  p r e v io u s ly  
rep orted 4 5 . There i s  agreement betw een th e  sp ectra  rep orted  h ere in
FIGURE 13
ABSORPTION SPECTRA OF (CH3 )2S£ VAPOR AT ROOM TEMPERATURE.
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FIGURE 14
ABSORPTION SPECTRA OF (C2H5 )2 S2 VAPOR AT ROOM TEMPERATURE.
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FIGURE 15
ABSORPTION SPECTRA OF (i-C3HT)2S2 VAPOR AT ROOM TEMPERATURE .
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FIGURE 16
ABSORPTION fSPECTRA OF (t-C 4H9 )£S2 VAPOR AT ROOM TEMPERATURE.
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p r e v io u s ly  reported  sp ectra  in  re sp e c t to  th e ir  long w avelength bands 
(c a . 2500A ). The p o rtio n s o f  the sp ectra  below 2000JL have not been  
rep orted  oth er than th a t o f  (CHa^Ss4 6 . These two a d d it io n a l bands 
are n ecessary  to  a lo g ic a l  assignm ent o f bands, and a d is c u s s io n  o f  
th e ir  r e s p e c t iv e  e n e r g ie s . The band maxima fo r  the compounds stu d ied  
are l i s t e d  in  Table VII.
The NMR r e s u lt s  are g iven  in  Table V III a long  w ith c a lc u la te d  
charges on the su lfu r  atom s. The chem ical s h i f t s  w i l l  be compared 
w ith  corresponding s h i f t s  in  the UV sp e c tra .
The r e s u lt s  o f  the com putations and the s tr u c tu r a l param eters 
used are g iven  in  Tables IX through XIV. The coord in ate  system s used  
are reproduced in  F ig s . 17 through 2 1 .
D. D iscu ssio n
The h ig h e s t  f i l l e d  m olecular o r b ita l  in  th e c a lc u la t io n s  of a l l  
o f th e compounds s tu d ie d , excep t tr im eth y len e s u l f id e ,  i s  a predom inantly  
non-bonding 3p- TT o r b ita l  lo c a te d  on the su lfu r  atom. In th e case o f  
d is u l f id e s ,  each non-bonding o r b ita l  on ad jacen t su lfu r  atoms (the  
non-bonding o r b ita ls  are a t  90°  to each o th er) in te r a c ts  w ith  a p-TT 
o r b ita l  on th e su lfu r  atom op p osite  to  i t .  An in crea se  or d ecrease  
in  th e  sh ie ld in g  o f  the a-hydrogen has been p rev io u s ly  used to  in fe r  
whether or not the e le c tr o n ic  charge s h i f t  i s  away from or towards the  
s u lfu r  heteroatom  in  sm all r in g  compounds4 7 . In the chem ical s h i f t s  
rep orted  in  Table V III , the a-hydrogen becomes le s s  sh ie ld ed  as one 
goes from m ethyl to  i-p ro p y l a lk y l s u b s t itu e n t  groups. T his would then  
imply th at th e su lfu r  atom i s  becoming more e le c tr o n  r ich  as the a lk y l  
su b s t itu e n t  changes from m ethyl to  t -b u ty l  d i s u l f id e .  T his would a ls o
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TABLE VII 
BAND MAXIMA OF ALKYL DISULFIDES
1s t  band (A) 2nd band (A) 3rd band (A)
H2Ss 2,790 2 ,280 2 ,0 5 0 ( in f l e c t io n )
2 ,630 1 ,920
Me2S2 2,502 2 ,0 7 5 ( i n f l e c t i o n ) 1,958
Et2S2 2,^98 2 ,0 7 5 ( i n f l e c t i o n ) 1,965
i-P r 2S2 2 ,11-25 2 ,0 7 5 ( in f l e c t i o n ) 1 ,9 6 0 ( in f le c t io n )
t - Bu2S2 2 ,3 0 0 ( in f l e c  t  io n ) 2 ,0 7 5 ( i n f 1ec t  io n ) 1,925
51
.. . TABLE V III  
CHEMICAL SHIFTS OF ALKYL DISULFIDES
Charge C a lcu la ted  
on the  
S u lfu r  Atom
6 fo r  
a-Hydrogen
6 fo r  
0 -Hydrogen
h2s2 - .0 4 4 0
Me2S2 - .0 3 8 7 2 .5 0
E t2S2 2 .5 4 1 .2 3
i-P r 2S2 2 .9 4 1 .25
t —Bu 2 S 2 1 .2 9
c2h4s - .0 2 1 2 -•2 3 a - .1 9 a
CsH6S + .008 -•1 9 a - .2 9 a
c4h8s - .0 5 2 7 -•2 9 a - . 2* a
a . R e f. ^7•
TABLE IX
STRUCTURAL PARAMETERS FOR MOLECULES CONSIDERED IN THIS WORK
R efer­
ence
C-H
< i)
c - s
(A)
c - c
( I )
S -H
( i )
s - s
( i ) < c s c < s c c  < c s s
D ihedral 
A ngle, 9 <HCH <H SS <CCC
HjgS2 a 1-33 2 .05 90° 90°
(C H 3 ) s S 2 b 1.09 1 .78 2 .0^ 107° 90°
C 2H 4S c 1,082 1.819 65 .8 :5 7 .1 ° 116°
C s HqS d 1.082 1.819 1 . 5^ 95° 116°
C^HsS d 1.082 1.819 1 .54 112° 107° 116° 107°
a . S tevenson, D. P. and Beach, J . Y .,  J .  Am, Chem. S o c . , 6 0 , 2872 (1 9 3 8 ).
b . Communicated to  the "Tables o f  Interatom ic D is ta n ces ,"  J . Chem. S o c .,  by P rof. V. Schomaker (1958).
c .  Cunningham, G. L .,  J r . ,  e t .  a l . ,  J .  Chem. Phys. ,  1 9 , 676 (1951)*
d . Assumed geom etries.
TABLE X
EIGENVALUES AND EIGENVECTORS FOR H2 S2
H2S2
MOLECULAR ORBITALS ARRANGED BY INCREASING ENERGY
EIGENVALUE - 2 5 . 5 7 2 - 1 9 . 1 2 8 - 1 4 . 3 8 5 - 1 4 . 1 2 7 - 1 2 . 4 1 6
IS  H—1 - 0 . 1 1 4 0 . 2 5 4 0 . 3 2 6 0 . 2 8 8 0 . 0 2 8
3S S - l - 0 . 5 5 9 0 . 5 3 2 - 0 . 1 5 9 - 0 . 2 5 5 0 . 1 5 7
3PX - 0 . 0 2 7 - 0 . 2 2 1 - 0 . 2 0 2 0 . 1 6 9 - 0 . 5 7 6
3PY 0 . 0 0 0 - 0 . 0 1 6 0 . 2 3 0 - 0 . 2 5 8 - 0 . 2 0 7
3PZ 0 . 0 2 3 0 . 0 1 2 0 . 3 8 6 0 . 4 1 3 - 0 . 1 7 2
4S 0 . 0 0 1 - 0 . 1 5 2 0 . 0 0 1 0 . 1 8 2 0 . 0 0 3
3S S -2 - 0 . 5 5 9 - 0 . 5 3 2 - 0 . 1 5 9 0 . 2 5 5 0 . 1 5 7
3PX 0 . 0 2 7 - 0 . 2 2 1 0 . 2 0 2 0 . 1 6 9 0 . 5 7 6
3PY 0 . 0 2 3 - 0 . 0 1 2 ^0 .3 8 6 - 0 . 4 1 3 - 0 . 1 7 2
3PZ 0 . 0 0 0 0 . 0 1 6 0 .  230 0 . 2 5 8 - 0 . 2 0 7
4S 0 . 0 0 1 0 . 1 5 2 0 . 0 0 1 - 0 . 1 8 2 0 . 0 0 3
IS H - l - 0 . 1 1 4 - 0 . 2 5 4 0 . 3 2 6 - 0 . 2 8 8 0 . 0 2 8
9
1 0 . 7 2 6
0 . 1 7 6
- 0 . 0 9 5
0 . 0 9 7
0 . 6 6 5
0 . 2 2 4
0 . 0 9 3
0 . 0 9 5
0 . 0 9 7
- 0 . 2 2 4
- 0 . 6 6 5
- 0 . 0 9 3
- 0 . 1 7 6
- 1 0 . 6 1 6  
0 . 1 5 4  
- 0 . 1 3 3  
0 . 1 1 5  
- 0 , 6 4 3  
0 . 2 7 4  
0.000  
- 0 . 1 3 3  
- 0 . 1 1 5  
0 . 2 7 4  
- 0 . 6 4 3  
0.000  
0 . 1 5 4
- 3 . 5 2 6
0 . 0 2 6
- 0 . 0 2 7
0 . 0 1 4
0 . 0 0 2
- 0 . 0 2 7
0 . 5 0 1
- 0 . 0 2 7
- 0 . 0 1 4
- 0 . 0 2 7
0 . 0 0 2
0 . 5 0 1
0 . 0 2 6
- 2 . 3 6 2
0 . 5 1 8
0 . 1 0 0
0 . 7 2 3
- 0 . 0 3 2
- 0 . 4 9 7
- 1 . 0 5 7
- 0 .1 0 0
0 . 7 2 3
0 . 4 9 7
0 . 0 3 2
1 . 0 5 7
- 0 . 5 1 8
0 . 3 6 9
- 0 . 2 8 9
0 . 0 4 6
0 . 0 3 7
0 . 0 0 9
0 . 2 4 5
- 5 . 3 1 3
- 0 . 0 4 6
0 . 0 3 7
- 0 . 2 4 5
- 0 . 0 0 9
5 . 3 1 3
0 . 2 8 9
3 . 9 5 2
- 0 . 9 2 5
0 . 5 5 7
- 0 . 0 8 7
-O.OLO
0 . 7 0 4
0 . 0 2 9
0 . 5 5 7
0 . 0 8 7
0 . 7 0 4
- 0 . 0 1 0
0 . 0 2 9
- 0 . 9 2 5
1 0 . 8 3 2
- 0 . 7 1 3
0 . 8 8 8
0 . 5 9 0
- 0 . 0 0 3
0 . 4 8 3
1 . 3 6 5
- 0 . 8 8 8
0 . 5 9 0
- 0 . 4 8 3
0 . 0 0 3
- 1 . 3 6 5
0 . 7 1 3
I
TABLE X I
EIGENVALUES AND EIGENVECTORS FOR (CH3 ) 2 S2 .
FEThYL DISULFIDE
FCIECULAR ORB ITAtS ARRANGED BY INCREASING ENERGY
eigenvalue -26*875 -23.106 -19.272 -17.125 -15.04A -14.827 -14.097 -12.978 -12.874 -12.224 -11.169 -10.066 -9.903 -3.548 -2.40C
EIGENVALUE 0.A95 i.207 2.528 A.962 6.A18 8.145 8.607 9.896 17.182
3S SULFUR! 0.A82 -0.318 0.307 -0.AA6 0.002 -0.068 0.075 -0.047 0.117 -0.191 -0.142 0.001 -0.050 -0.018 0.116
3P SULFUR! 0.002 0.009 -0.030 -0.057 —0.247 0.221 0.019 0.180 -0.080 -0.147 0.066 0.912 -0.150 -0.000 -0.074
3P SULFUR! -o.o;i7 -0.026 -0.151 0.129 -0.011 -0.022 0. 104 -0.076 -0.581 0.241 0.180 0.018 0.219 -0.002 -0.351
3P SULFUfil 0.01A 0.066 0.110 0.Z28 -0.068 0.033 -0.307 -0.059 -0.114 0.110 0.527 0.004 -0.041 0.011 0.653
AS SULFUR 1 -0.006 -0.026 0.006 0.185 0.007 0.019 0.009 -0.062 -0.058 0.169 0.026 0.097 0.033 0.537 -1.519
3S SULFUR2 O.ABA 0.307 0.3A5 0.A27 0.005 0.057 0.092 -0.002 0.036 0.218 -0.092 C. 108 -0.042 -0.019 -3.170
3P SULFUR2 -0.012 0.03A -0.129 -0.13A -0.056 0.052 0.064 0.435 -0.159 -0.447 0.229 -0.268 0.043 -0.001 0.243
3P SULFUR2 0.003 -0.013 —0.0A9 0.076 -0.189 -0.227 0.002 -0.067 -0.291 -0.067 -0.226 -0.140 -C.882 0.000 0.082
3P SULFUR2 -0.017 0.080 -0.103 0.200 0.078 0.032 0.343 -0.007 0.023 0.123 -0.444 0.152 0.124 -0.013 0.698
AS SULFUR2 0.002 0.025 -0*004 -0.185 -0.005 -0.019 -0.008 0.058 0.066 -0.167 -0.029 -0.093 -0.036 0.462 1.517
2S CARBON! 0.2 AO -0.360 -0.318 0.099 0.0A6 0.039 0.069 0.000 -0.118 0.067 0.093 0.009 0.099 -0.059 -0.050
2P CARBCN1 -0.001 -0.000 -0.006 -0.021 -0.301 0.266 0.082 -0.167 0.046 0.049 -0.014 -0.211 0.022 -0.001 -0.001
2P CARBCN1 -0.019 0.025 -0.115 0.201 0.006 0.081 -0.200 0.104 0.356 -0.053 0.042 -0.043 -0.171 -0.050 -0.307
ZP CARBON! 0.003 0.010 0.036 0.071 -0.07A -0.038 -0.241 -0.185 -0.193 -0.376 -0.281 0.027 0.325 0.024 0.321
25 CARB0N2 0.217 O.All -0.282 -0.108 0.055 -0.032 0.098 0.043 -0.027 -0.115 0.070 -0.114 0.008 -0.064 0.074
2P CARBCN2 -0.020 -0.0Z8 -0.109 -0.205 -0.002 -0.077 -0.276 -0.269 0.042 0.200 -O.OU 0.150 -0.010 -0.051 0.246
2P CARBCN2 -0.001 0.000 -0.007 0.02A -0.269 -0.329 0.078 0.064 0.138 0.045 0.074 0.037 0.158 -0.001 0,003
2P CARBCNZ -0.002 0.00 A -0.0A5 0.006 0.086 -0.051 0.225 -0.427 0.106 -0.284 0.290 0.139 -0.082 -0.028 0.263
1S1 0.0A3 -0.0A8 -0.13A 0.2A9 -0.066 -0.005 -0.272 -0,099 0.064 -0.326 -0.275 0.009 0.108 -0.002 -0.304
1SZ 0.03B -0.092 -0.169 0.030 -0.263 0. 314 0.109 -0.049 0.230 0.173 0.086 -0.194 -0.073 0.036 0.347
1S3 0.03 A -0.100 -0.135 0.09A 0.352 -0.204 -0.033 0.241 0. 145 0.068 0.122 0.184 -0.126 0.036 0.328
ISA 0.0A7 0.071 -0.115 -0.209 -0.085 o.ou -0.312 0.168 -0.036 0.321 -0.251 0.039 0.039 -0.000 0.244
1S 5 0.03A 0.105 -01160 -0.055 -0.219 -0.372 0.087 -0.187 0.190 -0.015 0.144 0.069 0.130 0.036 -0.289
1S6 0.030 0.111 -0.122 -0.12A 0.321 0.259 -0.048 -0.293 -0.064 -0.079 0.02S 0.010 -0.187 0.036 -0.264
3S SULFUR! 0.00 A -0.157 0.125 0.025 -0.349 0.112 0.124 0.276 0.905
3P SULFUR! 0.0A7 0.057 -0.003 0.007 -0.000 0.020 -0.008 -0.121 0.051
3P SULFUR1 0.292 -0.175 -0.162 0.255 -0.127 0.162 0.012 0.479 0.660
3P SULFUR1 -O.l lA -0.016 0. AOS -0.3A3 —0.124 -0.060 0.069 -0.102 0.412
AS SULFUR! -A.951 -0.023 -1.321 -0.599 -0.796 -0.052 0.312 -0.181 1.193
3S SULFUR2 -0.031 -0.181 -0.038 0.522 0.203 0.160 -0.139 0.352 -0.655
3P SULFUR2 -0.1320 -0.259 0.2A1 0.3A5 0.088 0. 187 -0.107 . 0.548 -0.304
3P SULFUR2 -0.03A 0.03A 0.001 -0.001 -0.0A5 0.026 0.071 —0.041 -0.062
IP SULFUR2 -o.iac -0.107 0.A68 -0.067 -0.204 0.057 0.060 0.156 0.408
AS SULFUR2 A. 958 -0.071 1.325 0.639 0.762 0.053 -0.298 0.142 -1.196
ZS CARBCN1 -0.059 -0.377 0.377 -0.179 -0.976 -0.060 0.337 -0.658 -1.080
ZP CARBCN1 -0.016 -O.OOA 0.039 0.20A 0.051 -1.129 0.564 0,335 -0.032
ZP CARBON! 0.281 -0.288 -01129 0.3A1 -0.772 0.225 0.235 0.339. 0.457
ZP CARBCN1 0.017 0.A96 -O.A83 0.383 -0.427 0.093 0.138 -0.044 -0.217
ZS CARBCN2 O.llA -0.A17 -0.392 0.A9A 0.211 -0.278 0.079 -1.326 0.624
ZP CARBCN2 -0.33A -0.391 0.3A2 0.86A 0.211 0.153 -0.112 0.087 -0.142
ZP CARBCNZ 0.009 O.OOA -0.016 0.07A -0.432 -0.560 -1.113 0.032 0.043
ZP CARBCN2 0.0 AC -0.537 -0*582 -0.303 0.062 0.028 -0.050 0.387 -0.282
IS! -O.OAA -0.360 01A22 -0.A66 0.993 -0.184 -0.353 0.084 0.378
1S2 -C.098 0.565 -0.A52 0.085 0.334 0.878 -0.555 -0,104 0.227
!S3 -0.106 0.578 -0.404 0.360 0.408 -0.831 0.318 0.418 0.172
ISA 0.128 -0.320 -0.631 -0.87A -0.126 -0.012 0.013 0.656 -0.341
1SS 0.050 0.611 0.A8A -0.237 0.1AA 0.511 0.863 0.342 -0.146
1S6 0.0A9 0.629 0.A65 -0.139 -0.476 -0.333 -0.846 0.386 -0.076
TABLE X II
EIGENVALUES AND EIGENVECTORS FOR C2H4 S .
EPI SULF1CE
PCLECULAR ORBITALS ARRANGED BY INCREASING ENERGY
EIGENVALUE -26.218 -I9.A89 -18. 404 -15.325 -13.613 -13.254 -13.235
EIGENVALUE 7.985 9.801
35 SULFUR —0.5A6 -0.000 0.623 0.000 -0.238 -0.000 0.000
3P SULFUR -0.000 -0.000 -0.000 0.301 0.000 0.000 0.000
3P SULFUR -0.000 0.188 0.000 0.000 0.000 -0.606 -0.000
3P SULFUR 0.009 0.000 -0.214 -0.000 0.586 0.000 -0.000
AS SULFUR 0.002 -0.000 -0.001 0.000 -0.005 -0.000 0.000
2S CARBON -0.37A -0.A37 -0.211 -0.000 0.129 0.084 0.000
2P CARBON C.000 -0.000 0.000 0.329 0.000 -0.000 0.420
2P CARBON -0.018 0.113 0.046 -0.000 0.325 0.049 0.000
2P CARBON 0.022 0.005 -0.214 -0.000 -0.080 -0.376 -0.000
2S CAPB0N2 -0.37A 0.437 -0.211 -0.000 0.129 -0.084 -0.000
2P CARBONE 0.000 0.000 0.000 0.329 -0.000 0.000 -0.420
2P CARBCN2 0.018 0.113 -0.046 0.000 -0.325 0.049 0.000
2P CARB0N2 0.022 -0.005 -0.214 -0.000 -0.080 0.376 0.000
1S1 -O.OA2 1-0.186 -Oi167 0.283 -0.185 -0.167 0.324
1S2 -0.0A2 -0.186 -0.167 -0.283 -0.185 -0.167 -0.324
1 S3 -0.042 0.186 -Oi167 0.283 -0.185 0.167 -0.324
ISA -0.0A2 0.186 -0.167 -0.283 -0.185 0.167 0.324
3S SULFUR 0.000 0.918
3P SULFUR 0.000 -0.000
3P SULFUR -0.160 0.000
3P SULFUR 0.000 0.995
AS SULFUR 0.000 0.017
2S CAR8GN -1.063 -0.558
2P CARBBN -0.000 0.000
2P CARBON 0.096 -0.271
2P CARBON -0.375 0.596
2S CARBGN2 1.063 -0.558
2P CARBCN2 0.000 0.000
2P CARBQN2 0.096 0.271
2P CARBCN2 0.375 0.596
1S1 0.696 0.020 I
1S2 0.696 0.020
1S3 -0.696 0^020
ISA -0.696 0.020
\
•11.389 -10.866 -6.875 -3.637 -1.515 5.023 5.086 7.
-0.141 -0.000 0.000 0.010 0.000 -0.000 -0.074 0.
-0.000 0.963 0.000 0.000 0.000 -0.170 0.000 -0.
-0.000 0.000 -0.522 0.000 0.745 -0.000 -0.000 0.
0.419 0.000 -0.000 0.004 0.000 0.000 0.029 0.
0.002 " 0.000 -0.000 -0.997 0.000 -C.000 -0.088 -0.
0.055 0.000 -0.018 0.044 0.326 -0.000 -0.885 0.
-0.000 -0.131 0.000 -0.000 -0.000 0.857 -0.000 —0.
-0.469 -0.000 0.636 -0.031 0.590 0.000 0.335 0.
-0.382 -0.000 0.421 0.036 -0.515 -0.000 -0.442 0.
0.055 0.000 0.018 0.044 -0.326 -0.000 -0.885 -0.
-0.000 -0.131 0.000 0.000 0.000 0.857 -0.000 0.
0.469 0.000 0.636 0.031 0.590 -0.000 -0.335 -0.
-0.382 -0.000 -0.421 0.036 0.515 -0.000 -0.442 -Q.
0.005 -0.176 0.072 -0.023 0. 144 -0.679 0.657 0.
0.005 0.176 0.072 -0.023 0. 144 0.679 0.657 -0.
0.005 -0.176 -0.072 -0 .023: -0.144 -0.679 0.657 -0.
0.005 0.176 -0.072 -0.023 -0.144 0.679 0.657 0.
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TABLE XIII 
EIGENVALUES AND EIGENVECTORS FOR C ^ s S .
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TABLE XIV
EIGENVALUES AND EIGENVECTORS FOR C4 H8 S .
T6TRAMETHYLENE SULFIIE
HCLECULAft ORBITALS ARRANGED BY INCREASING ENERGY
6IGENVALUE *26.915 -23.156 -21.625 -17.295 -16.668 -16.002
EIGENVALUE *5.935 -3.*40 O.AlA 1.135 2.722 3.525
3S -SULFUR O.A57 -0.000 -0.501 0.000 -0.390 0.000
3P SULFUR *0.000 -0.000 0.000 0.000 -0.000 0.195
3P SULFUR 0.000 -0.077 0.000 0.216 0.000 -0.000
3P SULFUR -0.003 0.000 0.061 -0.000 0.084 -0.000
AS SULFUR -O.OOA -0.000 -0.002 -0.000 0.001 -0.000
2$ CARBONI 0.309 0.381 *0,069 -0.206 0.192 -0.000
2P CARBGN1 -0.000 -0.000 -0.000 Q. 000 0.000 0.226
2P CARBONI 0.01A -0,005 -0.051 0.0*2 -0.260 -0.000
2P CARBONI -0.012 0.015 0.113 0.177 0.043 -0.000
2$ CAR0ON2 0.250 0.273 0.375 0.290 -0.132 -0.000
2P CARBGN2 0.000 -0.000 0.000 0.000 0.000 0.215
2P CAR80N2 0.013 -0,032 0.039 -0.070 -0.16* 0.000
2P CARB0N2 -0.003 -0.02A 0.0*8 0.115 -0.09* 0.000
2S CAR8QN3 0.250 -0.273 0.375 -0.290 -0.132 0.000
2P CAR80N3 *0.000 -0.000 0,000 0.000 -0.000 0.215
2P CAR80N3 -0.013 -0,032 -0.039 -0.070 0.16* 0.000
2P CARB0N3 -0.003 0.02A 0.0*8 -0.115 -0.09* 0.000
2S CARBON* 0.309 •0.381 -0.069 0.206 0.192 -0.000
2P CARBON* -0.000 0.000 -0.000 0.000 -0.000 0.226
2P CARBON* -0.0LA -0.005 0.051 0.0*2 0.260 -0.000
2P CARBON* -0.012 -0.015 0.113 -0.177 0.0*3 0.000
1SI 0.033 0.095 -0.016 -0.106 0.203 0.209
LS2 0.033 0.095 -0.018 -0.106 0.203 -0.209
IS3 0.018 0.06A 0.112 0.165 -0.037 0.20*
ISA 0.018 0.06A 0.112 0.185 -0.037 -0.20*
LS5 0.018 -0.06A 0.112 -0.165 -0.037 0.20*
1S6 0.018 -0.06A 0.112 -0.185 -0.037 -0.20*
1ST 0.033 -0.095 -0.018 0.106 0.203 0.209
1S8 0.033 -0.095 -0.018 0.106 0.203 -0.209
3S SULFUR *0.000 0.020 -0.000 0.368 0.000 -0.000
3P SULFUR 0.000 -0.000 0.000 -0.000 -0.086 -0.000
3P SULFUR 0.2AL . 0.000 -0.9*3 -0.000 -0.000 0.090
3P SULFUR -0.000*' 0.018 -0.000 0.228 0.000 -0.000
AS SULfUR 0.000 -0.99A -0.000 0.052 -0.000 -0.000
2S CARBONI -0.025 0.035 -0.003 -0.1*4 -0.000 0.278
2P CARBONI -0.000 -0.000 -0.000 -0.000 0.505 -0.000
2P CARBONI 0.066 -0.0*1 -0.558 0.090 0.000 -0.524
2P CARBONI 0.029 0.007 0.A7L 0.632 0.000 -0.503
2S CARBON2 0.167 0.052 0.217 0.089 -0.000 0.111
2P CARB0N2 0.000 -0.000 -0.000 -0.000 0.625 -0,000
2P CARBON2 0.810 -0.020 0.17A -0.016 0.000 0.129
2P CAR6CN2 0.063 0.05* 0.2*5 0.662 -0.000 -0.572
2S CARBON3 -0.187 0.052 -0.217 0.089 -0.000 -0.U1
2P CARB0N3 -0.000 -0,000 -0.000 -0.000 0.625 0.000
2P CARBONS 0.810 0.020 0. 17* 0.016 -0.000 0.129
2P CARBON3 -0.063 0,05* -0.2*5 0.662 -0.000 0.572
25 CAR80NA 0.025 0.035 0.002 -0.144 -Q.000 -0.278
2P CARBONA 0.000 0.000 0.000 -0.000 0.505 0.000
2P CARBONA 0.066 0.0*1 -0.558 -0.090 -0.000 -0.52*
2P CARBONA -0.029 0.007 -0.*71 6.632 0.000 0.503
1S1 0.136 -0.019 -0.209 0.239 -0.41* -0.468
1S2 0.136 -0.019 -0.209 0.239 0.41* -0.468
IS3 0.0*3 -0.029 -0.183 -0,3** -0.509 0.251
ISA 0.0*3 -0.029 -0.163 -0.3AA 0.509 0.251
155 -0,0*3 -0,029 0.183 -0.3*4 -0,508 -0.251
186 -0.0*3 -0.029 0*. 183 -0.34* 0.508 -0.251
1S7 -0.136 -0.019 0.209 0.239 -0.414 0.A68
1SS -0.L36 -0.019 0.209 0.239 0.414 0.468
•1 5 .1 0 3 -1 4 .5 5 3 - 1 3 ,2 3 9 - 1 3 .2 0 6 -1 2 .7 3 9 - 1 1 .9 0 6 - 1 1 .0 5 7 .-1 1 .0 7 3 - 9 .9 7 7
3 .0 1 2 3 .6 9 1 6 .3 3 5 8 .0 2 1 8 .7 4 9 9.82Q 16.B 05 17.GB2
• 0 .0 0 0 - 0 .2 1 2 • 0 .0 0 0 - 0 .0 0 0 0 .0 0 0 - 0 .1 4 3 - 0 .0 0 0 - 0 .1 7 7 —0* 000
- 0 .0 0 0 0 .0 0 0 - 0 .3 9 6 0 .0 0 0 - 0 .0 0 0 - 0 .0 0 0 - 0 .0 0 0 • 0 .0 0 0 0 .9 1 6
0 .0 0 0 0 .0 0 0 0 ,0 0 0 0 .3 1 7 0 .3 6 3 • 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 » G 3 **
0 .0 0 0 0 .3 9 3 0 .0 0 0 0 .0 0 0 - 0 .0 0 0 0 .0 7 0 0 .0 0 0 0 .7 6 7 O.GOL
- 0 .0 0 0 - 0 .0 0 * - 0 .0 0 0 - 0 .0 0 0 0 ,0 0 0 0 ,0 0 3 0 .0 0 0 0 .3 0 5 • 0 .0 0 3
- 0 .0 0 0 0 .1 4 1 -0 .0 0 0 - 0 .1 * 0 0 .0 5 0 - 0 .0 1 7 - 0 .0 0 0 0 .0 6 4 0 . 000
- 0 .2 8 6 0 .0 0 0 -0 .2 * 0 0 .0 0 0 - 0 .0 0 0 - 0 .0 0 0 0 .2 8 5 0 .0 0 0 - 0 .2 1 b
0 .0 0 0 0 .1 3 2 - 0 .0 0 0 - 0 .4 1 8 - 0 .0 9 1 -0 .1 8 1 - 0 .0 0 0 0 .1 0 6 0 .  33w
0 .0 0 0 0 .1 9 1 -0 .0 0 0 -0 * 0 7 2 0 .3 5 6 -0 .1 9 8 • 0 .0 0 0 - 0 .2 5 9 0 . 0 0 1.
0 .0 0 0 0 .0 9 * - 0 .0 0 0 - 0 .1 2 9 0 .0 3 9 0 .0 8 0 0 .0 0 0 - 0 .1 3 8 - 0 . GOO
- 0 .2 1 0 - 0 .0 0 0 0 .2 9 4 - 0 .0 0 0 0 .0 0 0 0 .0 0 0 - 0 .3 6 3 - 0 .0 0 0 0*390
- 0 .0 0 0 0 .1 1 2 - 0 .0 0 0 - 0 .0 5 6 - 0 .0 2 1 0 .5 2 8 0 .0 0 0 - 0 .1 3 4 -O.OOw’
- 0 .0 0 0 - 0 .2 8 1 0 .0 0 0 0 .1 7 5 - 0 .3 * 5 0 .0 9 7 0 .0 0 0 0 .2 3 2 0 .0 0 0
- 0 .0 0 0 0 .0 9 * 0 .0 0 0 0 .1 2 9 - 0 .0 3 9 0 .0 8 0 o .o o o - 0 .1 3 6 - 0 .0 0 0
0 .2 1 0 - 0 .0 0 0 0 .2 9 4 - 0 .0 0 0 - 0 .0 0 0 - 0 .0 0 0 0 .3 6 3 0 .0 0 0 0 .0 9 3
0 .0 0 0 - 0 .  112 - 0 .0 0 0 - 0 ,0 5 6 - 0 .0 2 1 -0 .5 2 9 -G .0 0 0 0 .  134 - 0 .0 0 3
- 0 .0 0 0 - 0 .2 8 1 - 0 .0 0 0 - 0 .1 7 5 0 .3 * 5 0 .0 9 7 0 .0 0 0 0 .2 3 3 •3*000
0 ,0 0 0 0 .  141 0 .0 0 0 0 .1 * 0 - 0 .0 5 0 - 0 .0 1 7 - 0 .0 0 0 0 .3 6 4 - 0 .0 0 0
0 .2 8 6 0 .0 0 0 • 0 .2 4 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 - 0 .2 8 5 - 0 .0 0 0 -0*  21b
0 .0 0 0 -0 .1 3 2 - 0 .0 0 0 - 0 .4 1 6 - 0 .0 9 1 0 ,1 0 1 0 .0 0 0 - 0 ,1 0 6 •0 0  j
0 .0 0 0 0 .1 9 1 0 .0 0 0 0 .0 7 2 - 0 .3 5 6 - 0 .1 9 8 - 0 .0 0 0 - 0 .2 5 9 -J.UOO
- 0 .2 5 0 - 0 .0 9 8 -0 * 1 6 6 0 .2 2 0 0 .0 2 1 0 .1 3 1 0 .2 0 3 • 0 .0 1 0 -0 * 2 0 6
0 .2 5 0 -0 .0 9 8 0 .1 6 6 0 .2 2 0 0 .0 2 1 0 .1 3 1 - 0 .2 0 3 - 0 .0 1 0 0 .2 0 6
• 0 .1 8 2 - 0 .1 8 7 0 .2 * 2 0*055 - 0 .1 6 7 - 0 .1 0 3 - 0 .2 7 5 0 .1 0 0 3 ,3 5 8
0 .1 8 2 - 0 .1 8 7 - 0 .2 4 2 0 .0 5 5 - 0 .1 6 7 - 0 .1 0 3 0 .2 7 5 0 .1 0 0 - 3 .0 5 0
0 ,1 8 2 - 0 .1 8 7 0 .2 * 2 - 0 .0 5 5 0 .1 6 7 • 0 ,1 0 3 - 0 .2 7 5 0 .1 0 0 0 ,0 5 b
- 0 .1 8 2 - 0 .1 8 7 - 0 .2 * 2 - 0 .0 5 5 0 .1 6 7 - C . 103 - 0 .2 7 5 0 .1 0 0 - 0 .3 5 b
0 .2 5 0 • 0 .0 9 8 - 0 .1 6 6 - 0 .2 2 0 - 0 .0 2 1 0 .1 3 1 - 0 .2 0 3 - 0 .3 1 0 • 0 ,2 0 5
- 0 .2 5 0 - 0 .0 9 8 0 .1 6 6 - 0 .2 2 0 - 0 .0 2 1 0 .13L 0 .2 0 3 - 0 .3 1 0 0 .2 0 6
0 .0 0 0 0 .1 0 * - o .o o o 0 .7 7 3 0 .0 0 0 0 .0 0 0 - 0 ,0 0 0 0.A 51
- 0 .0 0 0 - 0 .0 0 0 - 0 .0 0 0 0 .0 0 0 - 0 .0 8 9 - 0 .0 0 0 - 3 .0 0 0 0 .3 0 3
0 ,0 0 0 0 ,0 0 0 0 ,5 2 9 0 .0 0 0 - 0 .0 0 0 0 .0 0 0 0 .2 4 1 0 .3 0 0
0 .0 0 0 0 .0 7 3 - 0 .0 0 0 0 .5 7 2 0 .0 0 0 0 .0 0 0 - 0 .0 0 0 0 .4 2 1
0 .0 0 0 0 .1 2 0 0 ,0 0 0 - 0 .0 0 3 - 0 .0 0 0 - 0 .0 0 0 -0 .0 0 0 - 0 .0 0 6
0 .0 0 0 0 .5 5 8 0 .5 0 4 - 0 .0 6 8 -o .o o o . - 0 .0 0 0 0 .9 8 6 - 1 .0 5 8
- 0 .6 1 9 0 .0 0 0 0 .0 0 0 - 0 .0 0 0 0 .7 1 6 . - 0 .6 0 0 0 .0 0 0 - 0 .3 0 0
- 0 .0 0 0 - 0 .4 7 1 0 .0 0 3 - 0 .6 6 9 - 0 .0 0 0 0 .0 0 0 - 0 .0 1 5 - 0 .1 8 4
- 0 .0 0 0 - 0 ,1 8 0 - 0 ,2 2 6 0 .3 0 4 0 .0 0 0 0 .0 0 0 0 .3 6 0 - 0 ,2 9 4
0 .0 0 0 0 .5 8 8 0 .6 9 0 - 0 .4 9 1 - 0 .0 0 0 - 0 .0 0 0 • 0 .9 1 * 0 .7 3 1
- 0 ,5 2 7 0 .0 0 0 0 .0 0 0 0 .0 0 0 - 0 ,5 7 7 0 .7 0 7 - o .o o o 0 .3 0 0
- 0 .0 0 0 - 0 .1 9 6 - 0 .1 7 9 0 .2 2 5 0 .0 0 0 0 .0 0 0 0 .1 8 6 - 0 .2 7 4
0 ,0 0 0 0 .2 0 2 0 .4 5 1 - 0 .1 8 8 - 0 .0 0 0 0 .0 0 0 0 .3 2 * - 0 .3 2 0
0 .0 0 0 0 .5 8 8 - 0 .6 8 9 - 0 .4 9 1 - 0 .0 0 0 - 0 .0 0 0 0 .9 1 3 0 .7 3 3
0 .5 2 7 - 0 .0 0 0 - 0 .0 0 0 0 .0 0 0 - 0 .5 7 7 - 0 ,7 0 8 0 .0 0 0 - 0 .3 0 0
0 .0 0 0 0 .1 9 8 - 0 .1 7 9 - 0 .2 2 5 - 0 .0 0 0 - 0 .0 0 0 0 .1 8 6 0 .2 7 4
0 .0 0 0 0 .2 0 2 - 0 .4 5 1 - 0 .1 8 8 0 .0 0 0 • 0 ,0 0 0 • 0 ,3 2 4 - 0 . 3  n
0 .0 0 0 0 .5 5 8 - 0 .5 8 4 - 0 .0 6 8 0 .0 0 0 - 0 .0 0 0 - 0 .9 8 4 - 1 .0 6 0
0 .6 1 9 • 0 .0 0 0 0 .0 0 0 - 0 .0 0 0 0 .7 1 5 0 .6 0 1 - 0 .0 0 0 -0 .3 0 0
0 .0 0 0 0 .4 7 1 0 .0 0 3 0 .6 6 9 0 .0 0 0 0 .0 0 0 - 0 .0 1 6 0 .1 8 4
- 0 .0 0 0 • 0 .1 6 0 0 .2 2 6 0 .3 0 4 - 0 .0 0 0 0 .0 0 0 • 0 .3 6 0 - 0 .2 9 5
0 .5 2 1 - 0 .4 9 7 - 0 .2 * 1 - 0 .2 5 3 - 0 .5 6 4 0 .4 8 0 • 0 .3 6 S 0 .3 1 4
- 0 .5 2 1 - 0 .4 9 7 - 0 .2 * 1 - 0 .2 5 3 0 .5 6 4 - 0 .4 8 0 -0 .3 6 5 0 .3 1 *
0 .4 3 1 - 0 .3 6 7 - 0 .5 3 7 0 .3 5 0 0 .4 7 1 - 0 .5 8 0 0 .3 4 3 - 0 .2 5 7
- 0 .4 3 1 - 0 .3 6 7 - 0 .5 3 7 0 .3 5 0 - 0 .4 7 1 0 .5 8 0 0 .3 4 3 - 0 .2 5 7
- 0 .4 3 1 - 0 .3 6 7 0 .5 3 7 0 .3 5 0 0 .4 7 1 0 .5 8 0 - 0 .3 4 3 -0 .2 5 7
0 .4 3 1 - 0 .3 6 7 0 .5 3 7 0 .3 5 0 - 0 .4 7 1 - 0 .5 8 0 - 0 .3 4 3 - 0 .2 5 7
- 0 .5 2 2 - 0 .4 9 7 0 ,2 4 1 - 0 .2 5 3 - 0 .5 6 3 • 0 .4 8 0 0 .3 6 5 0 .3 1 4
0 .5 2 2 - 0 .4 9 7 0 .2 4 1 - 0 .2 5 3 0 .5 6 3 0 .4 8 0 0 .3 6 5 0 .3 1 4
\
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FIGURE 17 
THE COORDINATE SYSTEM USED FOR H2S2 .
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FIGURE 18
THE COORDINATE SYSTEM USED FOR (CH3)2S2
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FIGURE 19
THE COORDINATE SYSTEM USED FOR C2H4S .
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FIGURE 20
THE COORDINATE SYSTEM USED FOR C3H6S .
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FIGURE 21
THE COORDINATE SYSTEM USED FOR C4H8S .
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in d ic a te  th a t the io n iz a t io n  p o te n t ia l o f d is u l f id e s  d ecreases in  the  
order H2S£>(CH3 )2Se> (E t)2S2> ( ir P r )2S2>(t!-Bu)£S2 - The :c a lu d a t io n s  in  
Tables X and XI do show a d ecrease  in  th e io n iz a t io n  p o te n t ia l  in  go in g  
from H2S2 to  (CH3 )2S2 - However, i t  should  be poin ted  out th a t the  
t o t a l  charge d e n s ity  c a lc u la te d  (Table V III ) fo r  th e s u lfu r  atoms in  
H2 S2 i s  g r ea ter  than th e t o t a l  charge d e n s ity  c a lc u la te d  fo r  the s u lfu r  
atoms in  (CH3 )2S2 * This r a is e s  th e q u estio n s whether or not s h ie ld in g  
i s  determ ined m ainly by th e h ig h e s t  f i l l e d  m olecular o r b i t a l ,  and 
whether or n o t th e r e s u lt s  due to  the in a b i l i t y  o f th e c a lc u la t io n s  to  
p r e d ic t  th e  e le c tr o n ic  charge s h i f t s  c o rr e c tly ?  The c a lc u la t io n s  on 
th e  CgH^S, C^H6S and C4H3S c y c l i c  m onosu lfides were a ls o  done to  f in d  
out i f  th e c a lc u la t io n s  agreed w ith  p revious data and co n c lu sio n s con­
cern in g th e ground47 and f i r s t  e x c ite d 48 s ta t e s  o f th e se  m o lecu les.
I t  was found th a t th e e le c tr o n ic  charge s h i f t s  c a lc u la te d  fo r  the ground 
s t a t e  o f th e  c y c l ic  m on o su lfid es , Table V III , were o p p o site  from th a t  
p red icted  from NMR data4 9 . The t r a n s it io n  en erg ie s  c a lc u la te d  (w ith  
assumed geom etries) in  th ese  compounds were a ls o  in c o n s is te n t  w ith  th e  
t r a n s it io n  en erg ies  observed in  th e ir  UV sp e c tra . I t  i s  concluded , 
th e r e fo r e , th a t th e more r e l ia b le  in form ation  i s  obtained  from th e NMR 
sp ectra  and th a t fu rth er  com putations are n ecessary  to  provide agree­
ment between theory and experim ent.
The e ig en v a lu es  in  T ables X through XV are ordered in  terms o f 
in c r ea s in g  energy. This means th a t the lo w est m olecular o r b ita l  i s  
th a t w ith  th e  most n eg a tiv e  e ig en v a lu e . The e ig en v ec to rs  are row 
v e c to rs  and are a ls o  ordered to  correspond to  the e ig e n v a lu e s , th a t i s  
to  say th a t  th e lo w est e ig en v a lu e  corresponds to  the e ig en v ec to r  in  th e  
upper l e f t  column and so  on.
6 k
From the e ig en v ec to r , one n o t ic e s  an ap p reciab le  Tt-overlap in  the  
carb on -su lfu r  bond which i s  g en era lly  considered pure sigma in  ch a ra cter . 
A s im ila r  ca se  o f  TT-bonding in  CH3OH has been reported50 and seems to  
account for  the r e s tr ic te d  r o ta t io n  around the carbon-oxygen bond. This 
overlap  could account fo r  a hypsochromic s h i f t  in  the e x c ite d  s t a t e  o f  
th e a lk y l d i s u l f id e s ,  because a decrease in  TT-overlap would be expected  
in  going from (CH3 )2S2 to  (t-B u )2S2 . This d e s ta b il iz a t io n  o f the f i r s t  
e x c ite d  s t a t e  would account fo r  the f a i lu r e  to  observe a bathochromic 
s h i f t  when th e su b s titu e n t d isp la y s  a p o s it iv e  in d u ctiv e  e f f e c t .  An 
important p o in t to  emphasize is  th at although the con c lu sio n  th a t the  
f i r s t  e x c ited  le v e l  is  d e s ta b iliz e d  has been suggested  p r e v io u s ly , t h i s ,  
d e s ta b il iz a t io n  was thought to  be due to  hyperconjugation4 0 . However, 
the c a lc u la t io n s  assumed no hyp srconju gative model and arrived  a t the  
same con clu sion s as one would i f  he had assumed h yperconjugation .
This i s  to  say  th a t the co n stru c t o f hyperconjugation  i s  unnecessary  
and has caused q u ite  some con fu sion  in  th e  l i t e r a tu r e 5 0 .
The f i r s t  e x c ited  le v e l  in  the d is u l f id e s  i s  shown to  be la r g e ly  
Rydberg in  character  (predom inantly ^s on the su lfu r  atoms) which i s  in  
agreement w ith  previous p r e d ic tio n s4 6 . S in ce  the 3d o r b ita ls  were not 
considered in  th ese  com putations, th e ir  ex a ct p o s it io n s  are unknown. 
However, from previous e stim a tes  i t  would not a t  a l l  be unexpected  
th a t the 3d degeneracy i s  s ig n i f ic a n t ly  removed,and th a t some o f the  
3d components drop con sid erab ly  in  energy. With th is  assum ption, and 
con sid er in g  the fa c t  th a t the p o s it io n  o f  th e second band in  the d i ­
s u lf id e s  i s  approxim ately co n sta n t (n o n -in te r a c t in g ) , t h is  band i s  
a ssign ed  to  the Tt* 3d tr a n s it io n . The th ird  c h a r a c te r is t ic  band in
65
th e  p o sitio n , of t h is  band in  going from H2S2 to  (t-B u )2S2 , and th ere fo re  
th is  band seems to  be e n t ir e ly  m olecular in  n a tu re . S in ce th e  computa­
t io n s  show th a t the Tf* -* o* tr a n s it io n  i s  h igh er in  energy than the  
Tf* -* a ( k s ) , i t  seems reasonab le to  t e n t a t iv e ly  a s s ig n  the th ird  band to  
a TT* -♦ O'* t r a n s it io n .
E . Summary
The ground s t a t e  o f the a lk y l d is u l f id e s  has been shown from th e ir  
chem ical s h i f t s  to  in crea se  the e le c tr o n  d e n s ity  on the su lfu r  atom 
when th e a lk y l su b stitu e n t group i s  changed from methyl to  t - b u t y l .
This in crea se  i s  in  agreement w ith  the ( + ) - in d u ctiv e  e f f e c t  o f  a lk y l  
groups. The f i r s t  e x c ited  l e v e l  on the other hand undergoes a Hypso- 
chromic s h i f t  which in d ic a te s  a d e s ta b i l iz a t io n  o f  the f i r s t  e x c ite d  
s ta te  in  going from methyl to  t -b u ty l d is u l f id e .  This d e s ta b il iz a t io n  
may be due to  a d ecrease in  TT-bonding between carbon and su lfu r  as one 
changes the a lk y l group from methyl to  t -b u ty l .
The second and th ird  tr a n s it io n  in  the d is u l f id e s  seems to  co r­
respond to  TT* -» 3d and Tf* -♦ a *  t r a n s it io n s  r e s p e c t iv e ly . Further c a l­
c u la tio n s  are n ecessa ry , which must in c lu d e  the 3d o r b i t a l s , to  provide  
a more r e l ia b le  c o r r e la t io n  o f  th ese  l e v e l s .  I t  a ls o  appears th a t  to  
ob ta in  a q u an tity  as e lu s iv e  as the sm all charge s h i f t s  o f  re levan ce  
to  th is  work w i l l  req u ire  much fu rth er  com putational in v e s t ig a t io n .
Further research i s  d e f in i t e ly  needed on both th e o r e t ic a l and 
experim ental fr o n ts . There has been alm ost no low temperature sp ectra  
run on the s u l f id e s ,  and th is  should provide a con sid erab le  improvement 
in  comparison to  th e r e so lu t io n  thus fa r  ob ta ined . A lso , good s e l f  
c o n s is te n t  f i e l d  wave fu n c tio n s , for  th e  occupied and v ir tu a l  o r b i t a l s ,  
w i l l  be n ecessary  to  provide a r e l ia b le  th e o r e t ic a l in te r p r e ta t io n  o f  
s u lfu r - s u lfu r  bonding.
APPENDIX. MATHEMATICAL OPERATIONS
T his s e c t io n  i s  supplem entary to  "On The M u lt ip l ic i t i e s  o f th e  
Phosphorescent S ta te  o f  Organic M olecu les."  I t  i s  hoped th a t  m a ter ia l  
which i s  norm ally u n fa m ilia r  to  th e chem ist and q u estio n s  a r is in g  from 
the a p p lic a t io n  o f th is  m a ter ia l w i l l  be s u f f i c i e n t ly  answered. The 
q u a n tit ie s  o f  in t e r e s t  are th e proper e ig en fu n c tio n s  o f  th e  t r i p l e t  
l e v e l s  and th e ir  c o e f f i c i e n t s ,  decay l i f e t i m e s ,  p o la r iz a t io n  r a t io s ,  
and m u l t ip l i c i t i e s  o f  phosphorescence.
The t r ip l e t  e ig en fu n ctio n s  are norm ally d esign ated  | l > ,  |o>, | l > ,  
w ith corresponding Z-components o f  sp in  angular moment 1 , 0 ,  - 1 .  How­
e v er , when co n sid er in g  p o la r iz a t io n  measurements th ese  e ig en fu n c tio n s  
do not n e c e s s a r ily  behave properly  under th e  r e s p e c t iv e  symmetry opera­
t io n s  o f  the p a r tic u la r  p o in t group in  q u estio n  ( i . e . ,  D2 ) .  T h erefore , 
one must generate a new s e t  o f  symmetry e ig en fu n ctio n s  as a l in e a r  
com bination o f  th e  sp in  k e ts  | l > ,  |o> and | - 1> .
S in ce  an e le c tr o n  has a h a l f - in t e g r a l  sp in  angular momentum 
quantum number, i t  i s  n ecessa ry  to  co n sid er  i t s  symmetry p r o p e r tie s  
under th e  double group corresponding to  th e  p o in t group in  q u e s tio n .
The reason  fo r  t h is  may be seen  from th e f a c t  th a t th e ch a ra cter  o f  a 
r o ta t io n  operator i s  g iven  by th e  equation
, Qx = s in , .,(? .+ „!) 6 
X'* ; s in  0 /2   31
where
0 = a n g le  o f  r o ta t io n ,  
s = angular momentum quantum number. 
x ( 9 )  = ch a ra cter  o f  r o ta t io n  by 0 .
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I f  s i s  a h a l f - in t e g e r ,  then
x (e  + 2tt) = -x (e ) , . , . . .32
However, r o ta t io n  by 2TT i s  th e  normal id e n t i t y  operator and a change o f  
s ig n  should n ot occu r. T his d i f f i c u l t y  i s  removed by co n sid er in g  th e  
id e n t ity  operator as a r o ta t io n  by 4tT; a new operator which corresponds 
to  a r o ta t io n  by 2Tt must then be in trod uced . This new group has tw ice  
as many op era tion s as the o r ig in a l  group and th ere fo re  i s  c a lle d  a 
"double group'.1. S in ce  angu lar momentum v e c to r s  are p se u d o -v ec to r s , they
i'" • • '
do not p o ssess  the p r o p e r tie s  o f  in v ersio n  o f  r e f le c t io n .  T herefore the  
on ly  op eration s o f  im portance in  co n sid er in g  the symmetries o f  sp in  wave- 
fu n ctio n s are th ose  corresponding to  r o ta t io n s .  The s p e c i f ic  group in  
q u estio n  i s  the D2 group, and th e m atrices o f  th e r o ta t io n  op erators are  
g iven  as51
E = “1 0“
_o 1_
0 ll "0 i
i 0
C =
y
'0 1
-1 0_
cz = i o’
0 - i
From th ese  opera tion s a symmetry ta b le , T able XV, may be generated from 
which th e proper b a s is  fu n ctio n s  are seen  to  be
01 = ^ ( a i^ 2  “ P1P2) ; B3
02 = ^(fflC*2 + 0102) ; b2
03 = ^2(^102 + 01<*2) ; BX . . . . 3fc
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TABLE XV
SYMMETRY TRANSFORMATIONS OF SPIN EIGENFUNCTIONS
E C2 (x) C2 (y) C2 (z )
40'102 ■0102 +0102 -afia2
0102 +0102 -Q?lCV2 +0'10'2 "0102
#102 +O?102 "01<*2 ■01a2 +®102
01<*2 +01<*2 -a 102 ~<*102 + 01^2
01 +©3_ r-S
CD+ - 0! - 0i
02 + 02 "®2 +02 “02
+ 03 "®3 ■03 +03
Bi +1 +1 -1 -1
B2 + 1 -1 +1 -1
b3 +1 -1 -1 +1
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where
ai.c/2  = | l >
7 ^ ( a i p 2  +  P i  aiz) = 0
P1P2 = |~l> •*•*35
An example o f the o p era tion s i s  g iven  by C o p era tin g  on o?xa2 , where
» i  = (0 )^ and a 2 = (o )2 - T h erefore ,
Cx«lCy2 = [f (J)x [? J]8 (i)a - (?)x (?)fi
CxaiQ!2 = -P1P2  36
S in ce  cvi and a 2 are independent, must operate on each sp in  e ig en fu n c­
t io n  se p a r a te ly .
S ince we have generated  a proper b a s is  s e t ,  we may now co n sid er  the
op eration s o f  th e v a r io u s  sp in  op erators on th is  b a s is  s e t .  An example
A
o f  th ese  o p era tion s i s  the sp in  operator S operating  on the e ig en fu n c-
X
t io n  6 3 .
^x ®3 “ Sx ^ g(ttlP 2 + iP l« 2 )
= 7 2 (Sx l  + Sx2 )(aif32 +  PlQfs)
= gCaiCte + P1P2)
Sx©3 = h02 •*•*37
I f  one proceeds through the v a r io u s sp in  o p e r a tio n s , Table X V I .r e su lts .
Now th e  sp in -sp in  H am iltonian , in c lu d in g  th e e f f e c t  o f  a m agnetic  
f i e l d ,  i s  g iv en  by
K  = PH • g * S + DSg + E(S* - s®) . . . . 3 8
TABLE XVI 
SPIN OPERATION ON BASIS FUNCTIONS
01
02
03
X
0
he a
h 0£
-32163
0
il l0i
Z
- h 0 2
-h 6i
0
s 2x
h 2 02
h 2 03
Ss
y
h2 0x
0
h 2 03
SI
h2 6i
h20s
0
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The m atrix  r e s u lt in g  from th e  o p era tio n  o f  K  on 9 i ,  02 and 03 i s 20 
D +  8PHn - W gpH(A - im ) //2  . E
gpH(X + i m ) / / 2  -W g0H( I  -  im )/2
E g0H(JL + im )/2 D - g0Hn - W
where D,E = zero f i e l d  s p l i t t i n g  param eters.
W = energy e ig en v a lu e . 
l ,m ,n  = d ir e c t io n  c o s in e s  o f  m agnetic f i e l d  w ith  r e sp e c t  to  th e  x ,y ,z  
a x e s .
Although th e  gen eral s o lu t io n s  are ra th er  com plex, a p p lic a t io n  a lon g  a 
p a r tic u la r  a x is  s im p li f ie s  s o lu t io n  c o n s id era b ly . The ca se  o f  a m agnetic  
f i e ld  a p p lied  along th e  y a x is  w i l l  be so lved  as an example o f th e  method. 
For th is  c a s e , the m atrix  s im p l i f ie s  to
D -  E - W 0 i g P y
0 D -  E - W 0
-igPHy 0 -W
From the c o fa c to r s  i t  i s  im m ediately seen  th at
Wi = D - E  4 l
and W2 and W3 are found from th e  quadratic
W2 - (D -E )  W + i 2 gpHy -  O  42
which has th e  ro o ts
W£ = (P-g  ^  (g^Hy )2 ]^  . . .  .43
and
w3 = -(P ~ E) -  +  (g0Hy )2 ]^  . . .  .44
With th ese  e ig e n v a lu e s , we may now s u b s t itu te  back in to  th e  sec u la r  eq­
u ation  J
(D - E - W) Cx + (igPHy ) C2  = O  45
 4o
= o
. . .39
I t  should be noted th a t th e ch o ice  o f  s ig n s  when a square ro o t i s  in vo lved  
w i l l  cause an a r b itr a r in e ss  in  the s ig n  o f one c o e f f i c i e n t ;  however, once 
a ch o ice  i s  made, th e s ig n  o f  the second c o e f f ic ie n t  i s  d ic ta te d . In 
other w ords, the c o e f f ic ie n t  o f  the secu la r  determ inant are in te r ­
dependent .
The methods used may now be summarized. F i r s t ,  the proper sym­
metry b a s is  fu n ctio n s for  z e r o - f ie ld  are generated . This in  turn a l ­
lows one to  s e t  up a sim ple secu la r  determ inant and to  determ ine the 
energy e igen va lu es Wi, W2 and W3 . With th ese e ig e n v a lu e s , a return to  
th e b a sic  s e t  o f sec u la r  equations perm its ev a lu a tio n  o f th e  c o e f f ic ie n t s  
fo r  the b a s is  fu n ctio n s in  a m agnetic f i e l d .  These b a s is  fu n ction s are  
seen  to  be lin e a r  com binations o f 01 , 02 and 03 . Using t h is  new b a s is  
s e t  one may determ ine l i f e t im e s ,  p o la r iz a t io n  r a t io s ,  e t c . ,  as a func­
t io n  o f m agnetic f i e l d  and tem perature.
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